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INTRODUCTION 


In the literature of geology, there are numerous descriptions of sedi- 
mentary <eposits that demonstrably are related to movements on faults. 
There are also many attempts to demonstrate, by using the circumstantial 
evidence in sedimentary formations, the existence of active fault blocks 
while the sediments were accumulating. Some conclusions from studies 
of this sort are not wholly convincing. Generally, it is desirable to have 
contributory evidence, for localized strong warping may result in a sedi- 
mentary record that is suggestive of faulting. Study of areas in which 
both sedimentary and structural features are well displayed may supply 
criteria that have general application in problems of this kind. 


EXAMPLES FROM THE BASIN RANGES 


Many parts of the Basin-and-Range province offer favorable oppor- 
tunities to study the relation of sedimentation to large-scale faulting. In 
most parts of the region of interior drainage, however, observation in the 
vertical section is seriously limited by the continuous accumulation of 
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waste on the low-standing blocks. Many faults that are inactive have 
been completely concealed, and along active faults, only the latest effects 
are visible. Part of the east wall of Death Valley appears to be a 
magnificent fault scarp, the lower portion of which is in an early stage 
of dissection (Pl. 1). Aside from the physiographic evidence in the scarp 
itself, recent movement on the fault is suggested by the youthful char- 
acter of the isolated steep fans at the base of the mountain wall. The 
greater part of the sedimentary evidence relating to the fault, however, 
is concealed. Possibly, the full section of deposits beneath the valley 
floor, if it were open to examination, would reveal episodes in the history 
of the fault that have left no clues at the present surface. 

An area in southern Nevada and western Arizona is more favorably 
situated for study of the earlier evidence, because there the youthful 
Colorado River has incised its valley across major fault-block ranges and 
the thick basin deposits adjacent to them (Pl. 2). The southern part of 
the Virgin Mountain block is particularly instructive. This structural 
unit, which is 15 to 20 miles in width, has a surface of moderate relief, 
ranging from 2000 to slightly more than 5000 feet above sea level. The 
greater part of the block consists of pre-Cambrian metamorphic rocks 
and intruded granites. On the eastern flank, Paleozoic formations that 
also underlie the Colorado Plateau are tilted steeply eastward between 
several large normal faults, sorne, and perhaps all, of which are concave 
upward under the hanging wall (P1.3). It seems clear from the structural 
relationships that the block as a whole was tilted strongly eastward 
between two great fault zones, and that an enormous quantity of material - 
has been eroded from the uplifted part of the tilted mass. Some details 
of the tectonic history are supplied by debris that accumulated on both 
sides of the range. 

In the Grand Wash trough, there are basin deposits, probably of Plio- 
cene age, that range in texture from the coarsest kind of fan breccia, 
through playa sand and silt, to water-laid limestone. Inasmuch as the 
Grand Wash Cliffs dominate the present landscape, it is surprising to find 
that the coarse fan debris was derived chiefly from the western part of 
the Virgin Mountain block. Less than 2 miles from the base of the 
cliffs, valleys incised into the old deposits expose subangular rock frag- 
ments with diameters as great as twenty feet, made of a peculiar granitic 
rock known as the Gold Butte granite; the nearest possible bedrock 
source of these fragments is 12 miles to the west. Judging from present 
topographic forms in the Great Basin, fan surfaces on which fragments 
of so large average size were moved must have had an average slope 
greater than five degrees and more nearly ten degrees. As the mountain 
mass that furnished the coarse debris necessarily had its summit far above 
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the head of the fan slope, a Pliocene(?) range of formidable height is 
indicated on the site of the pre-Cambrian area in the Virgin Mountains. 
Emphasis usually is placed on the great downthrow west of the concealed 
Grand Wash fault—a throw probably of 15,000 feet or more. However, 
when the evidence of the sedimentary deposits is added to the structural 
evidence, attention is centered rather on the large uplift in the western 
part of the rotated fault block. There the restored pre-Cambrian surface 
would stand miles above its position in the plateau. Erosion of the 
youthful range was so vigorous that the structural basin on the east was 
kept nearly full as its floor continued to sink. 

Deposits of debris shed from the western front of the tilted block are 
even more spectacular than the material that was moved down the longer 
backslope. Interbedded with coarse Pliocene(?) fanglomerates there are 
gigantic landslide breccias, the constituents of which were derived from 
the pre-Cambrian rocks at the west side of the Virgin Mountains. South- 
west of Bonelli Peak the Colorado River has cut through two thick sheets 
of this breccia in which individual fragments 20 to 50 feet long are com- 
mon, and exceptional blocks more than 100 feet long lie at least 4 miles 
from their bedrock source. These sheets are exposed continuously through 
a distance of 10 miles parallel to the mountain front, and have an aggre- 
gate thickness of several h»ndred feet. Above and below the breccia are 
interbedded coarse fanglo..crate, basaltic lava flows, and thick layers of 
rhyolite tuff. Toward the southwest, a frontal tongue of one landslide 
mass ploughed into thick gypseous silt and clay of a wide playa. Farther 
north in the Virgin Valley, similar landslide material, with the same 
relation to the old playa deposits, are exposed more than 8 miles west 
of the mountain front.* 

The Pliocene (?) piedmont strata southwest of Bonelli Peak now dip 
directly toward the source of the sediments. Several miles from the 
mountain front the inclination is ten or fifteen degrees; but nearer the 
fault, and higher in the section, there is a gradual decrease of dip (PI. 3). 
The combined testimony of sedimentary and structural features indicates 
a precipitous fault scarp on the west side of the Pliocene(?) Virgin range, 
maintained by repeated movements in spite of extremely active erosion 
of the range and filling of the adjacent basin. Floods of voleanic mate- 
rial, ejected from several centers in the basin, augmented the accumu- 
lation of sediments. 

The mechanism by which the Virgin Mountain block was rotated about 
a longitudinal axis presents a major tectonic problem that will not be 
considered here. It seems clear that strong rotatory movement occurred, 


1C. R. Longwell: Geology of the Boulder reservoir floor, Arizona-Nevada, Geol. Soc. Am., Bull., 
vol. 47 (19386) p. 1425; pl. 4, section K-K’. 
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although there was not simple tilting of an unbroken block. There is no 
evidence of movement on the Grand Wash fault after the basin deposits 
now exposed in the trough were laid down (Pl. 3). These deposits were 
involved, however, in the latest movement on the Tassai fault, a fact 
that suggests progressive narrowing of the block by formation of new 
fractures as the angle of tilt increased. However, there is no evidence 
of post-Pliocene (?) movement on the Iceberg fault, which is next in order 
toward the west. Moreover, the flat attitude of the latter fault and the 
correspondingly steep tilt of the strata adjacent to it add further per- 
plexities to the structural problem. 


THE TRIASSIC AREA OF NEW ENGLAND 


In comparison with many units in the Basin Ranges, the New England 
Triassic area appears to have a more obscure tectonic history. Davis, 
in his classic study of the Connecticut Triassic, considered alternative 
hypotheses for the origin of the sedimentary basin, in which about 13,000 
feet of clastic sediments are preserved. He saw the evidence that abun- 
dant coarse sediments were derived from a highland east of the basin; 
but he believed that none of the facts were inconsistent with development 
of the basin by downwarping.? Implications of the hypothesis he 
favored are that at least part of the Triassic deposits now preserved 
were derived from the west, and that essentially all of the faulting 
followed the deposition of sediments. Barrell, on the other hand, was 
convinced that faulting along the east side of the area was continuous 
or recurrent while the sediments were accumulating, and that a rising 
block east of the fault furnished most, if not all, of the Triassic debris.* 
This view has been supported by Foye,* Russell,> and the present writer.® 
Stille, in his important work giving the results of world-wide comparative 
studies, rejects Barrell’s interpretation; in his opinion, broad warping, 
not associated with important faulting, will account for all features in 
the Triassic section of Connecticut.’ 

Large-scale faulting and erosion that have occurred in Connecticut 
since Triassic sedimentation was completed have obscured or destroyed 
structural evidence bearing on the problem. Therefore, the chief evidence 
is in the sedimentary deposits themselves. Important new data from 


2W. M. Davis: The Triassic formation of Connecticut, U. S. Geol. Surv., 18th Ann. Rept., pt. 2 
(1896-1897) p. 37-39. 

8 J. Barrell: Central C ticut in the geologic past, Conn. Geol. Nat. Hist. Surv., Bull. 23 (1915) 

*W. G. Foye: Origin of the Triassic trough of Connecticut, Jour. Geol., vol. 30 (1922) p. 690. 

5W. L. Russell: The structural and stratigraphic relations of the great Triassic fault of southern 
Conmecticut, Am. Jour. Sci., 5th ser., vol. 4 (1922) p. 483-497. 

€C. R. Longwell: Notes on the structure of the Triassic rocks in southern Connecticut, Am. Jour. 
Sci., 5th ser., vol. 4 (1922) p. 231-236. 
7H. Stille: Grundfragen der vergleichenden Tektonik, Berlin (1924) p. 54-55. 
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recent field study warrant a brief review of the problem in its present 
status. 

In southern Connecticut, local warping of the Triassic strata makes it 
possible to examine about 4,000 feet of the section closely adjacent to 
the great fault (Pl. 4). This part of the section includes the three lava 
sheets, which are the most conspicuous horizon markers. In the entire 
thickness, there are at the eastern margin extremely coarse fan deposits, 
which grade westward into conglomeratic sandstones and shales within 
a mile or less (Fig. 1). All the lava sheets lose thickness rapidly as 
they wedge into the fan deposits from the west, and the upper flow is 
reduced to a feather-edge in an unusually coarse-grained fan north of 
Branford. At Lake Ouonnipaug, there is a thick mass of sedimentary 
breccia in which the larger fragments are wide, thin slabs of weak schists 
that form the bedrock directly east of the fault; the slabs have a pell- 
mell arrangement in a fine-grained matrix, suggesting landslides and 
mudflows below a high scarp. In the upper 2,000 feet of the sandstone 
series above the lava sheets, good outcrops near the fault are rare. 
However, in all the scattered exposures the rock is a coarse fanglomerate 
whose angular constituent fragments can be matched in the older bedrock 
nearby. In at least 6,000 feet of the Triassic section, therefore, the sedi- 
mentary evidence indicates that steep topography was maintained near 
the present eastern border of the area while the sediments were accumu- 
lating. By comparison with conditions in the Great Basin and similar 
tectonic provinces, the evidence in Connecticut is interpreted as indicating 
an active fault at the eastern margin of the sedimentary basin. 

This interpretation is strengthened by extending the scope of the study. 
In the vicinity of New Haven, the most conspicuous rock type represented 
in the megascopic constituents of Triassic arkose is recognized as the 
Stony Creek granite, a distinctive rock that is not now exposed more 
than 7 miles east of the great fault (Pl. 4). Fragments of the granite 
are distributed through all but the lowermost 3,000 feet of the Triassic 
section; the identification has been verified by P. D. Krynine, in an 
intensive microscopic study of heavy mineral residues and other miner- 
alogic features. If differential movement between the sedimentary basin 
and the adjoining highland had occurred by warping only, there would 
have been progressive overlap of the sedimentary deposits eastward, and 
small bodies of bedrock such as the Stony Creek granite would have been 
partly or wholly buried. Actually, the contributions from the Stony Creek 
body increase upward in the section. Krynine finds that even the basal 
part of the Triassic section, which appears to be free from the fragments 
of the granite, did not have its source to the west; he concludes that the 
entire body of sediments in southern Connecticut was furnished by the 
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Eastern Highland, and that the Stony Creek granite became a source 
only after it had been unroofed by erosion. Characteristic ingredients 
of the older rocks near the great fault are recognizable even in the 
Southbury Triassic section (1,200 feet thick) , 25 miles to the west. Thus, 
there is indicated a wide piedmont deposit, tapering in thickness west- 
ward from a maximum of at least 2%4 miles near the great fault, all 
derived from a block that was lifted progressively by faulting as sedi- 
mentation proceeded. 

In connection with this evidence from sedimentation, it is of interest 
to examine the dolerite dikes of the Eastern Highland. Two general lines 
of these dikes are clearly traceable. In one line, extending northeastward 
from the shore in Branford, the outcrop is so nearly continuous for more 
than 12 miles that one is justified in speaking of a single dike, which is 
near the great fault and remarkably parallel to it. The strike changes 
abruptly to a more easterly course and back again—a characteristic of 
the great fault, also. The dikes do not slavishly follow the “grain” estab- 
lished in the older rocks; in many places, they cut strongly across the 
strike of formations, and slickensides on the walls suggest that the dikes 
were intruded along faults. A characteristic of the dikes is their westward 
dip (Pl. 4); in this respect, also, there is a suggested relationship to the 
great fault. As there is every reason to correlate the dikes with the 
dolerite bodies related to the lava flows in the Triassic area, it appears 
that the sets of fractures represented in the great fault were already in 
existence during Triassic time. 


EVALUATION OF CRITERIA 


Conditions associated with faults are so varied that no uniformity 
can be expected in sedimentary deposits related to faulting. Climate, 
general relief, character of bedrock, rate and nature of movement on 
faults are among the important variables. Faults on which there is 
dominantly strike-slip movement cannot be as important in affecting 
sedimentation as faults that have large vertical displacements. The 
present discussion is confined to faults that play a large part in creating 
or maintaining areas of erosion and basins of deposition. 

Perhaps the most convincing evidence of concurrent faulting and sedi- 
mentation is preserved in a region of fault-block mountains with in- 
terior drainage. No sediments, except fine dust that is carried out by 
the wind, escape from a basin like Death Valley. Coarse debris, much 
of it angular, is deposited locally in steep fans, which wedge abruptly 
into finer-grained sediments that are shifted, and in some degree sorted, 
by intermittent longitudinal streams. In the southern part of Death 


® P. D. Krynine: personal communication. 
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Valley, there is some “foreign” material, swept in at time of flood by 
the Amargosa River. Silt and considerable salt are deposited from an 
ephemeral lake in the lowest part of the trough (PI. 1); if the regional 
rainfall were somewhat greater, there would be a permanent lake, and 
the adjacent fans, growing spasmodically, would come to interfinger irreg- 
ularly with typical lacustrine sediments. Each fan is a composite sample 
of all bedrock types in the small valley above it; therefore, fragments 
of a peculiar vein or other small bedrock unit may serve to distinguish 
a given fan from even its closest neighbors. 

Reasoning from comparative study of similar features in the region, 
presumably the Dante’s View scarp will be progressively dissected, exist- 
ing fans will spread and others will form, and eventually there will be a 
continuous apron of fan debris. Valleys will have their gradients reduced, 
and, as the fans grow upward, their heads will be extended progressively 
across the fault, onto the upthrown block. Renewed faulting will break 
the fan slope, and will shift the fan-building abruptly toward the basin; 
coarse debris in the earlier fan-heads, as well as coarse new detritus, will 
then be moved across the fault and deposited on sediments of finer average 
grain. If the basin floor is actually lowered and tilted by the faulting, 
playa deposits may encroach far up the old fan-slope while new steep 
fans develop; repeated differential movements of this kind should be 
reflected not only in abrupt interfingering of fan and playa sediments 
near the fault, but also in progressive tilting of the beds toward the fault. 
As the upper part of the scarp recedes, the width of the belt contributing 
to the fans will increase. Possibly, the fault displacements will grow 
feebler and less frequent, and finally the scarp will become indistinct. 
To the last, however, each appreciable increment of throw will cause 
renewed fan-building along the fault.° The final sedimentary section, 
exposed by seme chance in the later history of the region, should have 
as its most characteristic feature a nearly continuous succession of fan 
deposits adjacent to the fault, interfingering with great irregularity into 
finer-grained sediments, and marked by abrupt vertical changes in coarse- 
ness. 

The sedimentary record of faulting in a humid region should differ 
in many respects from the arid-basin section just described. However, 
the Triassic deposits of New England, which contain abundant evidence 
of considerable humidity, have near their eastern margin a general pri- 
mary structure strikingly similar to that in sections found near large 
faults in Nevada (Fig. 1). Evidently, some sedimentary criteria of 
faulting are independent of climatic effects. The eloquent testimony 

®In an ively arid climate like that of Death Valley, erosion and sedimentation are very 


slow. Probably this fact explains in large measure the exceptionally fresh appearance of the Dante’s 
View scarp, and the weak development of fans. 
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furnished by the arrangement of the Triassic sediments is amply con- 
firmed by the test of composition. Megascopic and microscopic samples 
derived from peculiar rocks now exposed only near the fault are dis- 
tributed through the entire thickness of the Triassic section.’® 


AN 


Ficure 1—Triassic section in southern Connecticut 


Part of the section before final faulting and tilting. Coarse fanglomerate near the fault extends 
irregularly into deposits of smaller grain size. Three buried lava sheets are represented by vertical 
lining. 


Probably, the New England Triassic section is an exceptionally favor- 
able example for study. The large proportion of ingredients that can 
be traced to sources close to the fault suggests that all the contributing 
streams were short; hence, the record was not confused by large quantities 
of far-traveled material. Some active faults, however, are crossed by large 
streams whose load consists chiefly of fine-grained sediments of distant 
origin. If several such streams spread their deposits on a subsiding 
fault block, the influence of the fault on the composition and on the 
primary structure of the sedimentary section will be obscured to some 
extent. However, each increment of displacement on the fault will break 
the profiles of such streams, and the early stage of regrading should leave 
a record in coarser-grained sediments traceable to a local source. Prob- 
ably, the sedimentary evidence related to the faulting will be most 
satisfactory along portions of the fault between the larger streams. 


P, D. Krynine: personal communication. 
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Inclination of fault-basin strata toward the source block, with the dip 
increasing downward in the section, gives strong suggestion of concurrent 
faulting. West of the Virgin Mountains, the suggestion becomes certainty 
through cumulative evidence in a study of sediments and structure on 
both sides of the mountain block (Pl. 3). On the other hand, absence 
of the differential inclination near the border of a basin cannot be 
accepted as convincing evidence against concurrent faulting, for repeated 
uplift of the source block may have occurred, unaccompanied by tilting 
subsidence of the basin floor. 

So far as the writer is aware, study of sediments related to faulting 
has been devoted chiefly to the detritus eroded from the fronts of rising 
fault blocks. Sediments carried down the longer backslopes of tilted 
blocks have a less obvious relationship to the movement, and probably 
are much less commonly exposed for study. The section in the Grand 
Wash trough (Pls. 2 and 3) illustrates the value of backslope deposits 
in deciphering the history of mountain masses that have been rotated 
in faulting. Undoubtedly, much would be added to the known tectonic 
history of the Sierra Nevada block of California if the full section of 
deposits in the Great Valley were available for careful examination. 
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INTRODUCTION 


Last year we listened with absorbing interest to Dr. Ruedemann’s out- 
line of the history of the New York Geological Survey during the past 
century. There seemed a marked directness, a unity, a dictatorial effi- 
ciency in that State’s survey wholly unmatched by any similar organiza- 
tion in this country. Our Cenozoic paleontology presents an entirely 
different mode of progress, more rambling, less efficient, and more demo- 
cratic. Yet perhaps I can show that considerable progress has been 
made, and, let me add, we are still going strong. 

We have often wondered by what home-returning sailor, specimens of 
Ecphora quadricostata, Pecten jeffersonius, and Venus tridacnoides were 
brought from our colonial shores and placed in the hands of Susanna and 
Anna Lister, that they might be faithfully drawn and published in that 
great book of curios, Lister’s Historiae Conchyliorum (1685-1693). Natu- 
rally, they had not then been so named; in fact, the binomial system of 
nomenclature had yet to be perfected. Their fossil state seemed quite 
unsuspected ; they were simply large and curious shells from the far-away 
American colonies. A half century rolled by, and Linnaeus had shown 
the way for bringing system and order in the tabulation of the masses 
of new biologic material now being brought into the learned centers by 
the ever-increasing activities of adventurous explorers. Another quarter 
century and Werner came back to Freiberg to arouse his hearers to such 
a high pitch in philosophic geognosy that disciples, von Buch, Humboldt, 
D’Orbigny, Jameson, spent their lives and fortunes, oft-times in distant 
lands, attempting to apply the tenets of this new faith, even with the 
ardor of the Apostle Paul as he journeyed to far-off Rome. Disappoint- 
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ments were theirs, but their zeal carried them on toward the founding of 
our saner earth science, geology. 

The genius of Wernerism dominated MacClure’s memorable essay 
on the geology of the United States (1809); our whole coastal plain was, 
accordingly, nought but a great expanse of “Alluvial” formation. Scarcely 
a decade and a half later, both Professor Jno. Finch, of Birmingham, 
England, who had visited our coast, and Lardner Vanuxem, who had 
enjoyed a training in Paris and hence knew of the labors of Cuvier, 
Lamarck, and Brongniart, saw clearly the bi- or tri-partite character 
of the MacClurian “Alluvial” formation. A trip by Finch in southern 
Maryland secured for the conchologist Say, for figuring and description, 
not only the three species already illustrated by Lister, but nearly three 
dozen more. These were drawn by Lesueur and constitute plates vii-xiii 
of the fourth volume of the Philadelphia Academy’s (ns) Journal (1824). 
No definite assignment to age or horizon was stated for these shells: in 
fact, this was before the Lyellian subdivisions were made, but they were 
recognized as new to science and fossil, and as belonging to a formation 
extending as far south as South Carolina. Soon, they were referred by 
Van Rensselaer to the “Upper Marine formation” as described by Cony- 
beare and Phillips. 

In 1830, young T. A. Conrad made a geological reconnaissance of the 
peninsula of Maryland, as he says, “At the request of several members of 
the Academy .. . for the purpose of collecting organic remains and 
observing the geological characters of that district.” In his paper,’ read 
before the Academy in May and June of that year, begins a subdivision 
of Tertiary formations, by referring the Fort Washington beds with their 
large Venericardias and Turritellas, to the London Clay, and the St. 
Mary’s beds to the Upper Marine. Twenty-nine new Tertiary species 
were here added to the three dozen described by Say. 

The year 1832 was momentous in the life of one who was destined to 
become a leading figure in Tertiary conchology for nearly half a century. 
Timothy Abbot Conrad was expelled from the church of his fathers 
because, inter alia, his sabbath day’s journey took him too far afield and 
not in the direction of the church. Did this affect the kindly sentiments 
we know he cherished for young sister Bartram, for the Bartrams too were 
of the Friends faith? Be that as it may, Conrad found congenial spirits 
at the Philadelphia Academy of Natural Sciences and, with their aid, 
set out alone in 1832 for Alabama’s Valhalla of the fossil hunter, 
Claiborne. For there was the Honorable Judge Tate, who had already 
opened the eyes of the Academedians by his finds of new and beautiful 


17. A. Conrad: On the geology and organic remains of a part of the Peninsula of Maryland, Phila. 
Acad. Nat. Sci., Jour., vol. 6 (1830) p. 205. 
2 Op. cit., pls. 9, 10. 
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fossil shells. And again, what of going single-handed! Did he not 
know that at that very time D’Orbigny was a lone wanderer in South 
America? That Darwin was the sole naturalist of the Beagle on a five- 
year trip around the world, and that Audubon by his own sheer grit was 
already publishing that famous Birds of America, styled by Cuvier, the 
most magnificent monument that art has yet raised to Ornithology? So 
begins the first of three chapters of our century’s Tertiary work. 


PERIOD OF INDIVIDUAL WORKERS (1832-1860) 


Conrad had already published two small parts toward his Fossil Shells 
of the Tertiary Formations and doubtless felt that, could he only get to 
the source of those beautiful Alabama species, he might produce a work 
rivalling Deshayes’ of the Paris Basin. But, while Conrad was briefly 
characterizing his most important “finds” at this point, without illustra- 
tions, and leaving the matter of publication to his friends at the Academy, 
Dr. Isaac Lea was busied in describing and well illustrating the material 
he had received some years before from Claiborne. The almost simul- 
taneous publication of a considerable number of species from this same 
locality naturally led to nomenclatorial complications and, worse still, 
to a schism in sentiment at the Academy that a century has scarcely 
effaced. Details of these matters need not detain us here as they are 
well understood by all Tertiary students and have been recently stated 
in extenso by Wheeler in his biography of Conrad.* 

Conrad’s connection with the New York Geological Survey as paleon- 
tologist (1837-1842) would at first seem to have no bearing on the subject 
now in hand; but a few points may be briefly mentioned. Though this 
connection may have given him a financial start that he otherwise most 
certainly would not have had, it seems quite evident that his heart never 
was with the fossils of the older formations. He was rather a poetic or 
contemplative conchologist and not a Paleozoic paleontologist. In fact, 
in these very years, we note he was publishing parts one and two of 
his Medial Tertiary, and Markoe has recorded, in the Proceedings of the 
National Institution, that he and Conrad were out collecting along Calvert 
Cliffs, Maryland, in October and November, 1841.4 Conrad somehow 
found time to describe and figure the collection then made and to bring 
out an article of twenty-three pages and two plates in the National 
Institution’s Proceedings.® 


8H. E. Wheeler: Timothy Abbott Conrad with particular reference to his work in Alabama one hun- 
dred years ago, Bull. Am. Paleont., vol. 23, no. 77 (1935) 157 pages. 

«F. Markoe: Nat. Inst. Prom. Sci., Pr., Bull. 2 (1841) p. 132. 

5T. A. Conrad: Observations on a portion of the Atlantic Tertiary region, with a description of 
new species of organic remains, Nat. Inst., Washington, D. C., Pr., vol. 2 (1842) p. 171-194, pls. 1, 2. 
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There is one more point of general interest that may be mentioned in 
connection with Conrad’s employment on the New York Survey. He 
seems to have been the first professional paleontologist in America. 

We cannot, in this brief summary of our Cenozoic invertebrate fossils, 
stop to discuss interesting topics of stratigraphy and correlation, but the 
effects of Lyell’s visits to this country in the 40’s must be mentioned. 
Both Conrad and Morton had in these early days supposed that in 
certain white calcareous phases of our Eocene beds there was a com- 
mingling of Cretaceous and Tertiary species, of mollusks at least. Such 
beds were known to carry the famous Zeuglodon cetoides also, and hence 
their stratigraphic position was a matter of great interest. Conrad * had 
already discussed the position of the Zeuglodon-bearing limestone in Ala- 
bama, remarking: “This formation seems to fill the chasm which in 
Europe has often been noticed to occur between the Secondary and Ter- 
tiary fossiliferous series, the Maestrecht and the Eocene, and has been 
termed by Dr. Morton the upper Cretaceous formation.” 

Lyell’s findings convinced American paleontologists that we neither 
have Cretaceous mollusks distributed in our basal Eocene deposits, nor 
do we have huge Zeuglodon mammals in the Cretaceous.’ 

At about the time of Lyell’s visits, America, at least locally, was 
becoming museum-minded. The National Institution, a forerunner of 
the Smithsonian, had been chartered by enthusiasts in Washington and 
had been given quarters in the Patent Office. Collections of all sorts from 
all parts of the world began to pour in from Peru, Africa, Europe, and, 
of course, from adjacent parts of this country. 

We note that Mr. Gibbes sends boxes of shells and plants from South 
Carolina; another entry records the receipt of “Duck with three legs one 
of which has four toes, from Jonathan B. Jones.” And again: “Butterfly; 
small egg laid by a full grown hen in Washington City, from James 
McClegett.” Fossil and recent shells, insects and plants seem to have 
been frequently brought in; books on all subjects likewise. 

However, of more moment to us is the entry “Boxes, four, of fossils 
and shells from Florida, collected by Mr. T. A. Conrad.” The latter had 
been delegated by the Institution (from this time styled the Institute) 
to accompany Commander L. M. Powell’s surveying party to Tampa Bay, 
and to this circumstance we owe the early discovery of the important 
Tampa silex-bed fauna. 

By what means Conrad reached Vicksburg, Mississippi, and made that 
wonderful collection of “one hundred and five” new species (1847), which 


®T. A. Conrad: On the geognostic position of the Zeuglodon, or Basilosaurus of Harlan, Am. Jour. 
Sci., vol. 38 (1840) p. 381-382. 

7 Chas. Lyell: Observations on the White Limestone and other Eocene or older Tertiary formations 
of Virginia, South Carolina, and Georgia, Geol. Soc. London, Quart. Jour., vol. 1 (1845) p. 429-442. 
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he soon described and figured in the Academy’s publications, we now 
cannot say. But, though the fauna had nothing in common with Recent, 
Miocene, or Eocene known at that time, he accurately placed it strati- 
graphically between the Claiborne horizon and the Miocene, remarking, 
however, that it had more affinities with the former than with the latter; 
hence, he classed it as Upper Eocene. 

Now there were other regions besides the coastal plains of the United 
States where Cenozoic deposits were being investigated. La Plata and 
Patagonian beds, besides containing terrestrial vertebrates of absorbing 
interest, were yielding marine invertebrates quite new to science and 
difficult to place in the subdivisional time-scale of the northern hemi- 
sphere. We are captivated by the sagacity of D’Orbigny; in his studies 
of mollusks he finds the Atlantic and Pacific coasts with very few species — 
in common. The Patagonian and La Platan beds, on the east, and the 
Quirinquina, Navidad, and Coquimbo beds, on the west, were found to 
contain fossils very distinct from the recent adjacent faunas but without 
admixture of secondary forms. Therefore, he adjudged them Tertiary. 
Darwin,* following more or less in D’Orbigny’s footsteps, and with the 
friendly aid of D’Orbigny in identifying his species, and of Sowerby in 
their description, was able to point out the Cretaceous affinities of the 
Quirinquina fossils; regarding the other localities, he concludes: ® 


“When we consider very few, if any of the fifty-nine fossil shells are identical with, 
or make any close approach to, living species, when we consider that some of the 
genera do not exist on the west coast of S. America, and that no less than twelve 
genera, out of the thirty-two formerly ranged very differently from the existing 
species of the same genera, we must admit that these deposits are of considerable 
antiquity and that they probably verge on the commencement of the tertiary epoch. 
May we not venture to believe, that they are of nearly contemporaneous origin with 
the Eocene formations of the northern hemisphere?” 


Again, another great storehouse of Cenozoic treasures, not so far away 
but of even more interest, was opened up in the West Indies. Heneken’s 
collections in San Domingo were brought before the public by G. B. 
Sowerby °° in the Journal of the Geological Society of London in 1849. For 
beauty and state of preservation, few localities in the world can compare 
with this; it will always play a leading réle in the development of mid- 
Tertiary marine paleontology of the Western Hemisphere. 

In the then-distant corners of our own domain, marine Tertiary material 


8 Charles R. Darwin: Geological observations on South America (1846) p. 249-264, pls. 2-4; see 
especially appendix by G. B. Sowerby. 
® Op. cit., p. 133. 
See also L. H. Hupé in C. Gay: Historia fisica politica de Chile, Zodlogia, vol. 8 (1854) pls. 1-8. 
10 G. B. Sowerby: Descriptions of new species of fossil shells found by T. S. Heneken, Geol. Soc. 
London, Quart. Jour., vol. 6 (1850) p. 44-53, pls. 9, 10. 
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was being discovered. Conrad,” as early as 1848, described new material 
sent in by a Mr. Townsend from Astoria, Oregon, and more in 1849, 
collected by Dana on the famous Wilkes exploring expedition. These he 
primarily referred to a Miocene horizon. 

During this same decade, Conrad received other small sendings from 
the West Coast and finally considerable quantities from the geologists, 
naturalists, or physicians detailed to accompany the various parties sent 
out to explore the most feasible route for a railway to the Pacific Coast. 

William P. Blake, accompanying Lieutenant Williamson’s party, se- 
cured a boulder in Cafiada de las Uvas, southern California, from which 
Conrad ** described and figured a dozen Eocene species, a few common to 
Claiborne, and Venericardia planicosta common to the eastern States and 
the Paris Basin. 

Other collections came from Ocoya and Carrizo creeks, San Pedro, 
San Diego, and Santa Barbara, and ranged from Miocene to Recent 
in age. 

Panama now began to yield objects of interest to Tertiary paleon- 
tologists. Blake sent Conrad three casts from this Isthmus, which were 
described and figured as Gratelupia mactropsis, Meretrix dariena, and 
Tellina dariena, all presumably from a Miocene horizon. 

Verily, the field of Tertiary paleontology was rapidly expanding. No 
longer was the paleontologist dependent on his own and his friends’ re- 
sources for gathering fossils; the Federal Government, perhaps unwit- 
tingly, was lending a hand. A new era had arrived. And with this new 
era, new men appeared upon the scene. We shall shortly give a name to 
this new era, but, before doing so, let us pause and pay our respects to 
the remarkable achievement of a few citizens of Charleston, South 
Carolina, who were still imbued with the possibilities of “rugged individ- 
ualism”. To Francis S. Holmes should go the credit of pushing to com- 
pletion those two royal volumes known as the Pliocene and post-Pliocene 
Fossils of South Carolina.** Geological interest had for decades been 
keen among certain of the well-to-do classes of Charleston, and when 
the Legislature failed to furnish funds for the illustration of Tuomey’s 
paleontological report, he and Holmes took the matter in hand personally. 


11T. A. Conrad: Fossil shells from Tertiary deposits on the Columbia River, near Astoria, Am. Jour. 
Sci., vol. 5 (1848) p. 432-433. 

See also W. H. Dall: The Miocene of Astoria and Coos Bay, Oreg., in Contributions to the Tertiary 
paleontology of the Pacific Coast, U. 8. Geol. Surv., Prof. Pap. 59 (1909) p. 150; Fossils from north- 
western America (reprint), in J. D. Dana: Geology. United States exploring expedition, . . . under 
the command of Charles Wilkes, vol. 10 (1849) p. 723-728. 

12T, A. Conrad: Descriptions of the fossil shells, Pacific R. R. Repts., vol. 5, art. 2 (1856) p. 320-329, 
pls. 2-9; see especially p. 320 and pl. 1. 

13 Michael Tuomey and F. 8. Holmes: Pliocene fossils of South Carolina, containing descriptions and 
figures of the Polyparia, Echinodermata and Mollusca (1857) 152 pages. 

F. S. Holmes: Post-Pliocene fossils of South Carolina (1860) 122 pages. 
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Tuomey’s death prevented his participation in the publication of the 
last-mentioned volume, but Holmes carried on. A gleaming little side 
light shows out in Holmes’ acknowledgments in the first volume regard- 
ing a George A. Trenholm, Esq., “by whose liberal aid alone we were 
enabled to undertake and complete this expensive publication.” Accord- 
ingly, a fossil volume is dedicated to this Maecenas of Tertiary paleon- 
tology. However, the whole second volume is dedicated to Trenholm 
“with grateful acknowledgment” for his kindness. 

So ends the Period of Individual Workers with these two practical, 
beautiful, and the most sumptuous volumes thus far to appear illustrative 
of the marine Tertiary invertebrates of America. 


PERIOD OF WAR AND SURVEYS (1861-1901) 


Toward the close of the period just discussed, young William More 
Gabb, of Philadelphia, had been taking considerable interest in the collec- 
tions of the marine Cretaceous in the Academy and that of the Smith- 
sonian and was beginning now to challenge, as it were, Conrad’s sover- 
eignty over the Tertiary faunas of the land. He published in 1860 ** an 
important paper in the Academy’s Journal, from Texas material sent to 
the Academy and the Smithsonian by Dr. Kellogg and material sent 
to him by Dr. Francis Moore. 

Another, but smaller, assemblage of Tertiary fossils from Chirique, 
Central America, fell to his lot for description that same year, 1860. But 
it was because of his knowledge of Cretaceous fossils that Whitney 
selected him as paleontologist to the California State Geological Survey.’® 
By this appointment, Whitney took the lead in State surveys embracing 
Cenozoic territories, in appointing a full-time paleontologist, though 
New York, with its ample Paleozoic formations, had made such an appoint- 
ment a full quarter century before. Gabb’s well-illustrated report on the 
Cretaceous fossils of California,‘* wherein he made a subdivision A, 
Lower, and B, Upper Cretaceous, drew Conrad’s fire as it reached the 
Academy at Philadelphia, because it swept not only the Cafiada de las 
Uvas boulder, but also a large number of Eocene types into the “Upper 
Cretaceous,” division B. Conrad’s positive statements‘? regarding the 
Eocene age of many of Gabb’s “Cretaceous” fossils was followed by a 


14W. M. Gabb: Descriptions of new species of American Tertiary and Cretaceous fossils, Phila. 
Acad. Nat. Sci., Jour., vol. 4 (1860) p. 375-406, pls. 67-69. 

15 W. H. Dall: Biographical memoir of William More Gabb, Nat. Acad. Sci., Biog. Mem., vol. 6 
(1909) p. 347-361, portrait. 

16 W. M. Gabb: Description of Cretaceous fossils, Calif. Geol. Surv., vol. 1, sec. 4 (1864) p. 55-236, 
Is. 9-32. 
or T. A. Conrad: Observations on certain Eocene fossils described as Cretaceous by Mr. W. M. 
Gabb, in his report published in ‘Paleontology of California,” Am. Jour. Conchol., vol. 1 (1865) p. 
362-364. 
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rejoinder by Gabb ?* emphasizing the fact that, whereas Conrad had one 
boulder and Gabb’s figures only to rely upon, he, Gabb, had a multitude 
of well-preserved specimens upon which to base his judgment. 

It may perhaps be here remarked that the correctness of Conrad’s 
major contention, with the small amount of data at hand, that he did 
not perceive in Mr. Gabb’s report “that there is any mixture of Cretaceous 
and Eocene species in California” will forever remain a credit. to Conrad’s 
paleontological genius and a shining example of the value of paleontologic 
work in questions of intricate stratigraphy. 

The substantial backing that the Whitney Survey of California received 
during and immediately after the Civil War was exceptional and remark- 
able. Nearly all other States with marine Tertiary territory were prac- 
tically bankrupt. But this does not imply that all Tertiary paleontological 
work in the Western Hemisphere was brought to a standstill. Wall and 
Sawkins, of the British West Indian Survey, were opening up possibilities 
in Trinidad *° in 1860. 

P. Martin Duncan *° was gathering together various coral collections, 
mainly from Jamaica, and publishing them in the Quarterly Journal of 
the Geological Society of London. T. Rupert Jones ** briefly discussed the 
Foraminifera; Guppy *? described and illustrated the Miocene Mollusca. 

Guppy, it may here be noted, though born in London, spent the greater 
part of his life in Trinidad and, though held down by official duties and 
the rearing of a large family, managed to contribute a goodly number of 
papers on natural history subjects to local papers and magazines abroad, 
over a period of about fifty years. Foraminifera and Mollusca, especially 
of the Tertiary deposists of Trinidad, perhaps received his most careful 
consideration. 

An optimistic chord was struck toward the close of civil strife by the 
founding, at the Philadelphia Academy of Natural Sciences, of the 
Journal of Conchology (1865). Conchology was interpreted with suffi- 
cient breadth to take in fossil as well as recent forms. Accordingly, both 
Conrad and Gabb had an opportunity to bring out short papers on local 
faunas and generic and specific rectifications of previous publications. 
In volume 4 of this Journal, Gabb gave “Descriptions of fossils from the 


18 W. M. Gabb: Reply to Mr. Conrad’s criticism on Mr. Gabb’s report in “Paleontology of Cali- 
fornia”, Am. Jour. Conchol., vol. 1 (1866) p. 87-92. 

1G. P. Wall and J. G. Sawkins: Report on the geology of Trinidad; or Part I of the West Indian 
Geological Survey, Gt. Brit. Geol. Surv., Mem. (1860) 211 pages. 

20 P,. M. Duncan: On the fossil corals of the West Indian islands, Geol. Soc. London, Quart. Jour., 
vol. 19 (1863) p. 406-458, pls. 13-16; vol. 20 (1864) p. 20-44, 358-374, pls. 2-5; vol. 24 (1868) p. 9-33, 
pls. 1, 2; On the older Tertiary formations of the West Indian islands, Geol. Soc. London, Quart. Jour., 
vol. 29 (1873) p. 548-565, pls. 19-22, 

21 T. R. Jones: Notes on some Nummulinae and Orbitoides from Jamaica, Geol. Soc. London, Quart. 
Jour., vol. 19 (1863) p. 514. 

2R. J. L. Guppy: On the Tertiary Mollusca of Jamaica, Geol. Soc. London, Quart. Jour., vol. 22 
(1866) p. 281-295, pls. 16-18. 
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clay deposits of the Upper Amazon,” based on material collected by Orton, 
at Pebas on the Ambiyacu River, a tributary of the upper Amazon near 
the Ecuador line. These few species, mainly new, some generically, were 
so well preserved that they seemed to Gabb to indicate a marine or brack- 
ish water habitat and to suggest “a very recent era” of deposition. 
In volume 6, Conrad ** brought out a much more extended account of 
the fossils of this Pebas horizon from material furnished him by Orton 
from a locality 30 miles below Pebas. For its treatment, he found it 
necessary to erect four new genera. He found all forms extinct, belonging 
to a Tertiary epoch but “certainly not of marine origin.” 

On the whole, the 60’s and 70’s of the last century may be looked 
upon as a period of quiescence in marine Cenozoic developments, though 
by land the various government territorial surveys were bringing about 
a regular resurrection day for Tertiary mammalia. Nevertheless, interest 
in West Indian paleontology was kept alive by the topographic and 
geological survey made by Gabb for the government of Santo Domingo in 
the early 70’s. His collections, though extensive, were labelled simply 
“Miocene, Santo Domingo,” and, as the descriptions of his new species, 
as published in the Transactions of the American Philosophical Society,** 
contained no illustrations, the real value of his collections could not then 
be appreciated. Upon completion of his San Domingo engagement, he was 
called to Costa Rica on a similar mission. His two posthumous publica- 
tions > relating to this and West Indian territory, in volume 8 of the 
Journal of the Philadelphia Academy of Natural Sciences, make distinct 
additions to our paleontological knowledge of mid-American Tertiary. 

The consolidation of the variously named government geological surveys 
into a single United States Geological Survey—at first, under Clarence 
King, 1879, but shortly after under Major J. W. Powell—eventually 
opened up new possibilities for marine Cenozoic paleontology. The 
United States Fish Commission, organized and ably managed by Spencer 
F. Baird, had brought in, with its dredgings from steamers, Fish Hawk, 
Blake, and Albatross, large quantities of Recent materials of great value 
for comparing with Tertiary. This Dall began to arrange systematically 
for Survey use in the Smithsonian, upon being placed in charge of a “Divi- 
sion of Quaternary paleontology and related recent forms,” September 20, 
1884, with R. E. C. Sterns as Assistant. Director Powell ** states in his 


%T. A. Conrad: Descriptions of new fossil shells of the upper Amazon, Am. Jour. Conchol., vol. 
6 (1871) p. 192-198, pls. 10, 11. 

2% W. M. Gabb: Notes on the topography and geology of Santo Domingo, Am. Philos. Soc., Tr., 
n. 8., vol. 15 (1878) p. 49-259. 

% W. M. Gabb: Descriptions of Caribbean Miocene fossils, Phila. Acad. Nat. Sci., Jour., 2d ser., 
vol. 8 (1881) p. 337-348; Descriptions of new species of fossils from the Pliocene clay beds between 
Limon and Moen, Costa Rica, together with notes on previously known species from there and else- 
where in the Caribbean area, Phila. Acad. Nat. Sci., Jour., 2d ser., vol. 8 (1881) p. 349-380. 

26 J. W. Powell: Sixth annual report of the United States Geological Survey, 1884-1885 (1885) p. 78. 
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administrative report of that year “There is a laboratory of invertebrate 
paleontology of Quaternary age with a corps of paleontologists. Mr. 
Wm. H. Dall is in charge.” In the seventh annual report, Dall begins to 
refer to Tertiary work, the sending of Frank Burns to Orangeburg to hunt 
out specimens in the Charleston Basin to find representatives, if possible, 
of Tuomey and Holmes’ types now destroyed or lost. 

Two years before Dall’s appointment, Lawrence C. Johnson was re- 
porting on Tertiary work to the Director of the Survey, either directly or 
through Dr. Charles A. White, of the Mesozoic Division. For some years, 
he served as field assistant, and many of the older Gulf Coast Cretaceous 
and Tertiary specimens in the United States National Museum are of his 
collection. 

The preéminence of the Philadelphia Academy of Natural Sciences in 
Tertiary paleontology was now rapidly drawing to a close. Conrad and 
Gabb were dead, and Heilprin, the “Curator in charge,” divided his time 
with the Wagner Free Institute of Science, in Philadelphia. Before Dall 
got under way in the 90’s, the most enthusiastic work on our marine Ter- 
tiary, especially the Eocene, was being done on Alabama fossils by the 
mining engineer, Truman H. Aldrich. The first considerable additions to 
our knowledge of the Eocene fauna of Alabama since the days of Conrad 
and Lea were made by this writer in the Journal of the Cincinnati So- 
ciety of Natural History, and the Bulletin of the Geological Survey of 
Alabama, though Whitfield and Heilprin had described a few new species. 
Through industrious personal collecting, exchanging, and purchases, 
Aldrich acquired a large collection of valuable type material that, even- 
tually, was sold to Johns Hopkins University. Cooperating most heartily 
with State Geologist E. A. Smith, of Alabama, Aldrich rapidly furthered 
the cause of geologic research in that State. Young Daniel W. Langton, Jr., 
of Smith’s Survey, in 1887 worked south and east from the Claiborne area 
and, as Smith says, “made the capital discovery of the marine Miocene 
formations exposed in the Bluffs from Chattahoochee Landing to Alum 
Bluff.” Through Aldrich’s aid, Frank Burns, of the Tertiary division of 
the United States Geological Survey, was sent to collect at Alum Bluff, 
and the whole new field of lower Miocene in Florida was brought to light. 

Besides Aldrich, however, Tertiary paleontology had another friend at 
court in Joseph Willcox, secretary of the Wagner Institute, who not only 
collected personally, especially in Florida, but also arranged, through the 
Wagner Institution, to have Heilprin make his noteworthy expedition 
to south Florida and bring to light the first well-defined marine Pliocene 
in the United States east of the Rockies. Such unique forms as Strombus 
leidyi and Arcoptera aviculaeformis at once attracted universal atten- 


vi 


| 
| 
a 


PERIOD OF WAR AND SURVEYS (1861-1901) 453 


tion.2”7_ His contribution to the fauna of the Tampa silex-beds, likewise, 
was considerable, and, especially noteworthy at this time, was his dis- 
cussion of various foraminiferal forms. 

Contemporaneously with this Floridian work went that of Philippi on 
the Chilean coast.** This is the second notable work on Tertiary inverte- 
brates of America, published in the format of Holmes’ work on South 
Carolina. Its illustrations are by no means equal to those of the latter 
' work, but its 58 plates of fossils will always be convenient in studying 
the more recent fossils of that part of the world. 

Brazil, too, now felt the urge for paleontological studies along its coastal 
margins and sent a considerable suite of fossils to Washington, for A. C. 
White to study and report upon.” All were referred to the Cretaceous, 
though many of them should have been classed as Tertiary, as will be 
explained hereafter. 

The writings of Heilprin constituted volume one of a notable series of 
Transactions published by the Wagner Free Institute of Science in Phila- 
delphia; volume two was mainly devoted to the vertebrates; volume 3 was 
devoted to Dall’s main contributions to the Tertiary faunas of our eastern 
coast. This is an imposing work of 1654 pages and 60 plates, royal 
octavo, Dall’s opus maximum. It commences, part 1, with the title: “Con- 
tributions to the Tertiary Fauna of Florida with especial reference to the 
Miocene Silex Beds of Tampa and the Pliocene Beds of the Caloosahatchie 
River,” but before Part 6 is reached an important subtitle is added; viz., 
“Including in many cases a complete revision of the Generic Groups 
treated of and their American Tertiary Species.” This added subtitle 
opened up almost limitless possibilities of extending special discussions in 
which Dall was an adept and took great delight. Pre- and post-Tertiary 
relationships of genera and species were freely discussed, also family char- 
acteristics, as the Volutoid folds were treated in extenso. The minor 
stratigraphic errors found in this great work can easily be allowed for at 
the present date, but we venture to say that future workers will feel that 
a far greater number of illustrations could have been added with great 
advantage to the value of the work. Yet we may be thankful for the 
sixty plates the Wagner Institute has furnished. It may be here remarked 
that Dall was ever more than delighted at the beautiful pen-and-ink 
drawings of the artist McConnell. In the preface of Part 6, he says: 


“Dr. J. M. McConnell of Washington D. C. who has supplied the admirable pen 
and ink drawings which are reproduced in the illustrations, has been an indispensable 


7 Angelo Heilprin: Explorations on the west coast of Florida and in the Okeechobee Wilderness, 
Wagner Free Inst. Sci., Tr., vol. 1 (1886) 134 pages; see also Contributions to the Tertiary geology 
and paleontology of the United States (1886) p. 79. 

%R. A. Philippi: Los fosiles terciarios y cuartarios de Chile (1887) 256 pages. 

2 A.C. White: Monograph on the Cretaceous fossils of Brazil, Archivos Mus. Nac. Rio de Janeiro, 
vol. 7 (1887). 
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collaborator. When the plates of this work are compared with the muddy and often 
wholly worthless heliotypes which disfigure so many pretentious modern paleonto- 
logical publications, both the author, the Institute, and the student must feel that they 
are entitled to congratulate themselves on the quality of Dr. McConnell’s work, 
which is certainly unequalled in America, if not in the world.” 


We shall have occasion to refer to this subject again. 

Along with the increasing facilities offered for Tertiary paleontology 
work by the United States Geological Survey and the Smithsonian In- 
stitution went chances for employment on State geological surveys; for, 
by the 90’s of the last century the States most afflicted by the ravages of 
civil war and those embracing Tertiary terranes had sufficiently recov- 
ered financially to carry on again geological surveys. We may note espe- 
cially Texas, Alabama, Louisiana, Maryland, and, later, Virginia and 
others. State collections and even museums were being started where, 
especially in connection with State universities, work could be efficiently 
prosecuted. Appropriations were larger than in former surveys, and 
work was more specialized. Paleontologists on full time at headquarters 
or part time from the Federal Survey were becoming recognized as a neces- 
sary part of each survey. I can speak personally from a few years expe- 
rience on the Arkansas, Texas, and Louisiana surveys and can say that 
stratigraphic conclusions based on paleontologic data were eagerly sought 
and duly appreciated. 

I always feel that the sinking of the Galveston deep-water well in 1890 
was of great moment in our coastal Tertiary studies. The method of 
rotary drilling had now shown its capability of penetrating soft beds to 
a depth of 3000 feet, at least, and, by proper attention in collecting sam- 
ples, could give a trustworthy record of the whole depth. Again, by this 
method of deep drilling the great thickness of our Gulf Coast Tertiary 
was demonstrated. 

The initiation of Tertiary work at Johns Hopkins University, where 
soon were to appear magnificently illustrated volumes on the Tertiary 
horizons of Maryland; the beginning of Tertiary work at Cornell, where 
we have carried our Bulletins, mainly Tertiary, to the twenty-third vol- 
ume; the appointment of Dr. J. P. Smith at Stanford and Dr. John C. 
Merriam at Berkeley, California; all tended to produce a rising genera- 
tion of students with marked interest in the paleontology of later geologi- 
cal formations. 


PERIOD OF GENERAL COOPERATION (1901-1932) 


Mention has already been made of a method whereby wells could be 
sunk and samples obtained to depths of more than 3,000 feet through 
the unconsolidated deposits of the Gulf Coastal Plain. In the well drilled 
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at Beaumont, Texas, in search of a deposit of sulphur, oil was struck in 
large quantities. This gave a great incentive to exploitation for oil in this 
coastal region. Macroscopic fossils were somewhat rarely brought to the 
surface in these operations, but sufficiently often to show broad struc- 
tural features, as we noted in the case of Jackson fossils in wells at Sour 
Lake, Texas, and about the Sabine uplift. Theoretically, the value of 
Tertiary as well as other fossils in stratigraphic work has been recognized 
since the days of William Smith and Brongniart, but the general applica- 
tion to oil-well work in America is of very recent date. Cooper’s Lists 
of fossils from the oil-bearing formations of California in 1894 * shows 
an early interest in this direction. The construction of the Panama Canal 
(1907-1913) furnished an excellent opportunity for the collection of Ter- 
tiary material, which served as a basis for the valuable contributions to 
the paleontology of that region brought out in Bulletin 103 of the United 
States National Museum.** Unfortunately, the complete monographing 
of the molluscan fauna has yet to be seriously undertaken. This can only 
be satisfactorily accomplished after C. B. Adams’ recent Panamic fauna 
is made known through adequate illustrations. Various cooperating 
agencies have made it possible to do extensive collecting of Tertiary mate- 
rials in Haiti,** Puerto Rico,** San Domingo,** Trinidad,** Costa Rica,** 
Jamaica,*’ Venezuela,** and the West Indies in general.*® 


% J, G. Cooper: Catalogue of Californian fossils (parts II, III, IV, and V), Calif. State Min. Bur., 
Bull. 4 (1894) 65 pages. 

31 T, W. Vaughan: Fossil corals from Central America, Cuba, and Porto Rico, with an account of 
the American Tertiary, Pleistocene and recent coral reefs, U. 8. Nat. Mus., Bull. 103 (1919) p. 189-524. 

J. A. Cushman: The larger fossil Foraminifera of the Panama Canal Zone, U. 8. Nat. Mus., Bull. 
103 (1918) p. 89-102; The smaller fossil Foraminifera of the Panama Canal Zone, op. cit. (1918) p. 45-87. 

Ferdinand Canu and R. S. Bassler: Bryozoa of the [Panama] Canal Zone and related areas, 
U. 8. Nat. Mus., Bull. 103 (1918) p. 117-122. 

M. J. Rathbun: Decapod crustaceans from the Panama region, U. S. Nat. Mus., Bull. 103 (1918) 
p. 123-184. 

82. W. P. Woodring and W. C. Mansfield: Some new middle Eocene and lower Miocene mollusks, 
in Geology of the Republic of Haiti (1924) p. 611-613. 

3 C. J. Maury: Tertiary Mollusca from Porto Rico and their zonal relations, New York Acad. Sci., 
Scientific Survey of Porto Rico and the Virgin Islands, vol. 3, pt. 1 (1920) p. 1-77. 

Bela Hubbard: Tertiary Mollusca from the Lares district, Porto Rico, Scientific Survey of Porto 
Rico and the Virgin Islands, vol. 3, pt. 2 (1920) p. 79-164. 

%C. J. Maury: Santo Domingo type sections and fossils, Part 1, Bull. Am. Paleont., vol. 5, no. 29 
(1917) 240 pages. 

%C, J. Maury: A further contribution to the paleontology of Trinidad (Miocene horizons), Bull. 
Am, Paleont., vol. 10, no. 42 (1925) 250 pages. 

368A. A. Olsson: The Miocene of northern Costa Rica; with notes on its stratigraphic relations, 
Bull. Am. Paleont., vol. 9, no. 39 (1922) 309 pages. 

* W. P. Woodring: Miocene mollusks from Bowden, Jamaica: pelecypods and scaphopods, Carnegie 
Inst. Wash., Pub. no. 366 (1925) 222 pages; Part 2, Gastropods and discussion of results, Pub. no. 385 
(1928) 554 pages. 

% Floyd Hodson: Venezuelan and Caribbean Turritellas, Bull. Am. Paleont., vol. 11, no. 45 (1926) 
50 pages; see also Bulls. 47 and 49. 

®R. T. Jackson: Fossil Echini of the West Indies, Carnegie Inst. Wash., Pub. no. 306 (1922) 
122 pages. 

J. A. Cushman: Fossil Foraminifera from the West Indies, Carnegie Inst. Wash., Pub. no. 291 
(1919) p. 21-71. 
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_of Coquimbo, with a fauna closely related to that in the adjoining Pacific. 
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C. A. White’s mistakes in assigning all his fossil material on the north- 
east coast of Brazil to the Cretaceous were corrected in Maury’s large 
memoir, published by the Brazilian government in 1924.*° 

The age of the Parana and Patagonian beds was brought again to the 
forefront by the results of the Hatcher Patagonian expeditions. Ort- 
mann, reporting on the Mollusca, referred the Patagonian beds to the 
Miocene,** whereas von Ihring ** would have them pass indefinitely from 
the uppermost Cretaceous upward into the Oligocene. Each of these 
rather extensive memoirs is well illustrated. 

About simultaneously with these expeditions went those of Steinmann 
and his students gathering materials for doctorate dissertations. Mate- 
rial from the Parana ** region was turned over to Borchert who found 
that fifty per cent of the fauna consisted of recent forms now living on 
adjacent coasts. Wilckins studied the Patagonian collections ** and found 
the Patagonian “Molasse” to be lower Miocene in age. The Magellanian 
beds to the south Steinmann and Wilckins ** well illustrated with seven 
plates and referred to the Patagonian “Molasse.” Moricke ** adds three 
plates to the Navidad and Coquimbo faunas of Chile already discussed 
under D’Orbigny and Darwin and emphasizes the greater age of the for- 
mer locality, with its fauna of Atlantic affinities, and the much later beds 


With the exception perhaps of Argentina, the Tertiary faunas of Peru 
have been more thoroughly described than those of any other South 
American State. Here, again, we find one of Steinmann’s protégés, Grzy- 
bowski, defining and well illustrating a worthwhile local fauna. He was 
soon followed by two other writers, Bosworth and Spieker, who published 
good illustrated works almost simultaneously. Then came Israelsky and 
Hanna, and, finally, Olsson,** with his six memoirs covering horizons from 
Cretaceous to Quaternary. 

Since the earlier work of Gabb, Olsson, under the auspices of the Costa 
Rica Oil Corporation and the Sinclair Explorational Company, has been 


#©C, J. Maury: Fosseis Terciarios do Brasil, com descripcao de novas formas Cretaceas, Serv. Geol. 
e Mineral. do Brasil, Mon. 4 (1924) 711 pages. 

41 A. E. Ortmann: Paleontology, Tertiary invertebrates, Rept. Princeton Univ. Exped. Patagonia, 
vol. 4 (1901) p. 48-332, pls. 11-39. 

43H. von Ihring: Anales del Museo Nacional de Buenos Aires, vol. 7 (1907) 611 pages. 

43A. Borchert: Die Molluskenfauna und das Alter der Parana-Stufe, in G. Steinmann: Beitrége 
zur geologie und paldontologie von Siidamenka, Neues Jahrb. Mineral., Geol., u. Palaont., Beil.-Bd. 
14 (1901) p. 171-245, pls. 5-10. ’ 

“ Otto Wilckins: Die Meeresablagerungen der Kreide und Tertiir formation in Patagonien, in G. 
Steinmann: op. cit., Beil.-Bd. 21 (1905) p. 98-195. 

45 G. Steinmann and Otto Wilckins: Kreide- «nd Tertidr-fossilien aus die Magellanslindern, Arkiv 
fér Zoologi. k. Sven. Vetenskapsal. i. Stockholm, Bd. 4, no. 6 (1908) 118 pages. 

46 W. Moricke and G. Steinmann: Die Tertiirbildungen des nordlichen Chile und ihre Fauna, Neues 
Jahrb. Mineral., Geol., u. Paliont., Beil.-Bd. 10 (1906) p. 533-612, pls. 11, 12. 

47 See A. A. Olsson: Contributions to the Tertiary paleontology of northern Peru; Part 1, Eocene 
Mollusca and Brachiopoda, Bull. Am. Paleont., vol. 14 (1929) footnote, p. 52, for exact references to 
these and less important contributors. 
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able to define, and for the most part figure, 396 species of Mollusca from 
Costa Rica and equivalent Panama horizons.** 

In southern Mexico, the Tehuantepec later Tertiary faunas have re- 
ceived attention from Toula and Bese among others, though monographic 
treatment has still to be undertaken.“® The Tampico region has been 
more satisfactorily studied and illustrated by Cook, Vaughan, Cushman, 
Cole, Israelsky, and others; Dickerson and Kew have illustrated medial 
Tertiary species from northeastern Mexico. 

Work on West Coast Cenozoic paleontology has been carried out during 
this period by influences already under way during the previous period— 
viz., renewed activities in university and museum work and in oil produc- 
tion. Among a large number of important publications, only a few need 


here be mentioned. 

Early in this period, Arnold completed his paper on the San Pedro Plio- 
cene and Pleistocene * and his Tertiary ** and Quaternary Pecten paper. 
More recently, Grant and Gale have written an extensive treatise on the 
Mollusca of these horizons.** Miocene horizons have received much at- 
tention, as may be seen by consulting Clark’s San Pablo paper,™ also Loel 
and Corey on the Vaqueros formation,®® Dall on the Astoria beds of 
Oregon,®* Schenck on the genus Aturia,®’ and Etherington on the Astoria 
Miocene of Washington.** Oligocene fossils have been recognized and 
discussed by Weaver,*® Van Winkle,® Clark,* and others. 


483A. A. Olsson: The Miocene of northern Costa Rica, with notes on its general stratigraphic 
relations, Bull. Am. Paleont., vol. 9, no. 39 (1922) 228 pages. 

49°F. Toula and E. Bese: Die jungtertitire Fauna von Gatun am Panamakanal und die von Emil 
Bese beschriebende Pliozinfauna von Tehuantepec und Tuxtepec, Jahrb. geol. Reichsanst. (1909) 
p. 159-161; Zur jungtertidren Fauna von Tehuantepec, Jahrb. geol. Reichsanst., Bd. 60 (1910) 
p. 215-276. 

F. Toula: Nachtrége zur jungertertiairen (pliocénen) Fauna von Tehuantepec, Jahrb. geol. Reich- 

sanst., Bd. 61 (1911) p. 473-486. 

50 R. E. Dickerson and W. S. W. Kew: The fauna of a medial Tertiary formation and the asso- 
ciated horizons of northeastern Mezico, Calif. Acad. Sci., Pr., 4th ser., vol. 7 (1917) p, 125-155. 

51 Ralph Arnold: The paleontology and stratigraphy of the marine Pliocene and Pleistocene of 
San Pedro, Calif., Calif. Acad. Sci., Mem. 3 (1903) 420 pages. 

52 Ralph Arnold: The Tertiary and Quaternary pectens of California, U. S. Geol. Surv., Prof. 
Pap. 47 (1906) 264 pages. 

530. S. Grant IV and H. R. Gale: Catalogue of the marine Pliocene and Pleistocene Mollusca of 
California, San Diego Soc. Nat. Hist., Mem., vol. 1 (1931) 1036 pages. 

5% B. L. Clark: Fauna of the San Pablo group of middle California, Univ. Calif. Publ., Bull., 
Dept. Geol., vol. 8 (1915) p. 385-572. 

5 Wayne Loel and W. H. Corey: The Vaqueros formation, lower Miocene of California; I, Pale- 
ontology, Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 22, no. 3 (1932) p. 31-410. 

50W. H. Dall: The Miocene of Astoria and Coos Bay, Oregon, U. S. Geol. Surv., Prof. Pap. 59 
(1909) 278 pages. 

57H. G. Schenck: Cephalopods of the genus Aturia from western North America, Univ. Calif. 
Publ., Bull. Dept. Geol. Sci., vol. 19, no. 19 (1931) p. 435-490. 

5883'T. J. Etherington: Stratigraphy and fauna of the Astoria Miocene of southwestern Washington, 
Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 20, no. 5 (1931) p. 31-142. 

5° C. E. Weaver: A preliminary report on the Tertiary paleontology of western Washington, Wash. 
Geol. Surv., Bull. 15 (1912) 80 pages. 

% K. E. H. Van Winkle Palmer: Paleontology of the Oligocene of the Chehalis Valley, Washington, 
Wash. Univ. Publ. Geol., vol. 1, no. 2 (1918) p. 69-94. 

 B. L. Clark: Pelecypoda from the marine Oligocene of western North America, Univ. Calif. Publ., 
Bull. Dept. Geol. Sci., vol. 15, no. 4 (1925) p. 69-136. 
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An introduction to the extensive literature dealing with Eocene fossils 
of the West Coast may be had by consulting among others: Arnold’s | 
Paleontology of the Coalinga district,** Dickerson’s ** studies on the vari- 
ous Eocene stages of California, Clark and Woodford’s * on the type 
Meganos formation, and Hanna on the Cowlitz ** Foraminifera of Wash- 
ington. Aside from these papers dealing for the most part with Mollusca, 
Nomland and others have published on corals,** Merriam,*’. Kew,®* and 
Israelsky ** have written on echinoderms. 

Along the Gulf Coast, since the completion of Dall’s Wagner papers, 
perhaps the most important publication describing new Tertiary Mollusca 
up to the end of the period under consideration is that by Julia Gardner 
on the Alum Bluff group of Florida.” The writer ™ has issued a summary 
of the mid-Eocene Pelecypoda during this period. Cooke’s work, from 
a stratigraphic and faunal standpoint, has been very important though 
he has described few new species.”* 

Among the studies of special significance on West Indian paleontology, 
aside from those already referred to as in Bulletin 103 of the National 
Museum, should be mentioned the illustrating of Gabb’s Santo Domingo 
types by Pilsbry ** and the memoir with new material by Maury. Like- 
wise, Woodring’s works on the Bowden fauna of Jamaica are of prime 
importance.”® 


® Ralph Arnold: Paleontology of the Coalinga district, Fresno and Kings counties, Calif., U. S. 
Geol. Surv., Bull. 396 (1909) 173 pages. 

®R. E. Dickerson: The stratigraphic and faunal relations of the Martinez formation to the 
Chico and Tejon north of Mt. Diablo, Univ. Calif. Publ., Bull., Dept. Geol., vol. 6 (1911) p. 171-177; 
Fauna of the Eocene at Marysville Buttes, Calif., Univ. Calif. Publ., Bull., Dept. Geol., vol. 7 
(1913) p. 257-298; Fauna of the Martinez Eocene of California, Univ. Calif. Publ., Bull., Dept. Geol., 
vol. 8 (1914) p. 61-180; Fauna of the type Tejon; its relation to the Cowlitz phase of the Tejon 
group of Washington, Calif. Acad. Sci., Pr., 4th ser., vol. 5 (1915) p. 33-98. 

«B. L. Clark and A. O. Woodford: The geology and paleontology of the type section of the 
Meganos formation (lower middle Eocene) of California, Univ. Calif. Publ., Bull. Dept. Geol. Sci., 
vol. 17, no. 2 (1927) p. 63-142. 

®G. D. Hanna and M. A. Hanna: Foraminifera from the Eocene of Cowlitz River, Lewis County, 
Washington, Wash. Univ. Publ. Geol., vol. 1, no. 4 (1924) p. 57-62. 

6 J. O. Nomland: Corals from the Cretaceous and Tertiary of California and Oregon, Univ. Calif. 
Publ., Bull., Dept. Geol., vol. 9 (1915) p. 59-76. 

& J. C. Merriam: The Tertiary sea urchins of middle California, Calif. Acad. Sci., Pr., 3d ser., 
vol. 1 (1899) p. 161-174. 

«®Ww. S. W. Kew: Cretaceous and Cenozoic Echinoidea of the Pacific coast of North America, 
Univ. Calif. Publ., Bull., Dept. Geol., vol. 12, no. 2 (1920) p. 23-236. 

© M. C. Israelsky: Some new forms of west coast fossil Echinoidea, Univ. Calif. Publ., Bull. Dept. 
Geol. Sci., vol. 14, no. 11 (1923) p. 377-396. 

7 Julia Gardner: The molluscan fauna of the Alum Bluff group of Florida, U. S. Geol. Surv., 
Prof. Pap. 142 (1926) p. 1-184. 

™G. D. Harris: Pelecypoda of the St. Maurice and Claiborne stages, Bull. Am. Paleont., vol. 6, 
no. 31 (1919) 260 pages. 

7C. W. Cooke: New Eocene mollusks from Jackson, Mississippi, Wash. Acad. Sci., vol. 16, no. 5 
(1926) p. 132-138. 

7H. A. Pilsbry: Revision of W. M. Gabb’s Tertiary Mollusca of Santo Domingo, Phila. Acad. 
Nat. Sci., Pr., vol. 73 (1922) p. 305-428. 

™C. J. Maury: Santo Domingo type sections and fossils, Part I, Bull. Am. Paleont., vol. 5, 
no. 29 (1917) 240 pages. 

™ W. P. Woodring: Miocene mollusks from Bowden, J ica; pelecypods and scaphopods, Carnegie 
Inst. Wash., Publ. no. 366 (1925) 222 pages. 
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Having now touched upon some of the more important activities in 
Cenozoic paleontology from a more or less regional standpoint, let us con- 
sider for a moment a few more general or systematic undertakings. 

Clark and Twitchell completed their work on Echinodermata in 1915,"¢ 
and noted the literature on the subject up to that date. Jackson’s Echini 
of the West Indies” is a fine supplement to this work. Vaughan’s work 
on the lower Tertiary corals initiated a new era in the study of these 
forms.”® This has been supplemented by his fossil corals from Central 
America, already referred to. Canu and Bassler have given us two huge 
works on the Tertiary Bryozoa of North America.” 

Increasing abundance of material and better knowledge of distribution 
geographically and stratigraphically tends ever to encourage attempts in 
developmental or evolutionary studies of restricted groups of organisms. 
The Eurypterid classic of the New York Survey could not have been writ- 
ten in the early days of Hall’s investigations; nor could Hyatt’s Genesis 
of the Arietidae have been written without access to ample material. 
Adequacy of material made possible Arnold’s study of the pectens,°*° 
already referred to; similarly, Sheldon’s arcas,*t M. A. Hanna’s veneri- 
cardias,*? Palmer’s Veneridae,®* Cooke’s * studies of Orthaulaxr, Hodson’s 
turritellas,*° Schenck’s ** exhaustive treatise of the genus Acila, to men- 
tion only a few dealing with marine mollusks. 

During the last decade of the period, great emphasis had been laid on 
the study of microscopic fossils, especially the Foraminifera, because of 
their value in correlation work. We have already pointed out the great 
help it was to D’Orbigny to have a working knowledge of more than 600 
species of Recent shells on the coast of South America in his studies of the 
Argentine, Patagonian, and Chilean Tertiary and the advantage it gave 


7 W. B. Clark and M. W. Twitchell: Mesozoic and Cenozoic Echinodermata of the United States, 
U. S. Geol. Surv., Mon. 54 (1915) 341 pages. 

™7R. T. Jackson: Fossil Echini of the West Indies, Carnegie Inst. Wash., Publ. no. 306 (1922) 
103 pages. 

7% T,. W. Vaughan: The Eocene and lower Oligocene coral faunas of the United States, U. S. Geol. 
Surv., Mon. 39 (1900) 263 pages. 

7 Ferdinand Canu and R. S. Bassler: North American early Tertiary Bryozoa, U. S. Nat. Mus., 
Bull. 106 (1920) 879 pages; North American later Tertiary and Quaternary Bryozoa, U. S. Nat. Mus., 
Bull. 125 (1923) 302 pages. 

8 Ralph Arnold: The Tertiary and Quaternary pectens of California, U. S. Geol. Surv., Prof. 
Pap. 47 (1906) 264 pages. 

$1 Pearl Sheldon: The Atlantic slope areas, Palaeontogr. Americana, vol. 1, no. 1 (1917) 103 pages. 

82M. A. Hanna: Notes on the genus Venericardia from the Eocene of the West Coast of America, 
Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 15, no. 8 (1925) p. 281-306. 

8K. E. H. Van Winkle Palmer: The Veneridae of eastern America, Palaeontogr. Americana, vol. 
1, no. 5 (1929) 219 pages. 

%C, W. Cooke: Orthaular, a Tertiary guide fossil, U. S. Geol. Surv., Prof. Pap. 129 (1921) 
17 pages. 

Floyd Hodson: Venezuelan and Caribbean turritellas, Bull. Am. Paleont., vol. 11, no. 45 
(1926) 50 pages. 

8H. G. Schenck: Bivalves of the genus Acila (abstract), Geol. Soc. Am., Pr., vol. 43, no. 1 (1932) 
P. 288-289; published in full as Nuculid bivalves of the genus Acila, Geol. Soc. Am., Spec. Pap. no. 5 
(1936) 149 pages. 
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Dall to have a knowledge of the Recent shells of both coasts of North 
America before taking up his Tertiary studies. Likewise, Cushman’s 
work on fossil Foraminifera, before its economic importance was fully 
realized, was greatly enhanced by extensive studies of Recent forms *’ in 
both the Atlantic and the Pacific oceans. No pretense will here be made 
to sum up or to discuss the enormous number of publications relating to 
micropaleontology that have appeared in this country in the past few 
years. Contributions from the Cushman Laboratory for Foraminiferal 
Research alone number 126 up to the close of 1932. The Journal of 
Paleontology was founded in 1927, largely for articles on micro-organisms, 
it would seem from the editor’s foreword, which reads: “While the papers 
to be published will tend towards helping the understanding of American 
stratigraphy through the microfaunas, it does not rule out papers on the 
larger fossils, especially where they may be directly correlated with the 
smaller ones.” Other publications have carried extensive articles by Cush- 
man on Foraminifera, such as the Carnegie Institution’s Publication No. 
291 on the Fossil Foraminifera of the West Indies; Professional Paper 125 
of the United States Geological Survey, on Orthophragmina and Lepido- 
cyclina, with 29 quarto plates; and Professional Paper 133, on Vicksburg 
Foraminifera, with 8 plates. Since 1924, Vaughan has made numerous 
important contributions to our knowledge of the larger Foraminifera; 
Galloway and Cushman have published systematic accounts or textbooks 
on Foraminifera; Howe, Nuttall, Plummer, Hanna, Woodring, Cole, and 
scores of others had published on Foraminifera before our first century 
of paleontology came to a close (1932). It should be recorded here that 
the great impetus to foraminiferal study at the close of this century was 
given by the light it shed on oil-well stratigraphy. Mills, in the Oil- 
Weekly, credits Alva Ellisor, of the Humble Oil and Refining Company, 
with being the discoverer of Foraminifera in Gulf-Coast wells, in a well 
on Goose Creek, Texas, 1921. Seven years from that date, Galloway 
wrote: “There are now over three hundred micropaleontologists using 
small fossils as an aid in the determination of stratigraphy and structure.” 
And now, to go a little ahead of our limits and try to grasp the interest 
in this field of research in the coming century, we note a recent article in 
Natural History indicating that, by the close of the year 1937, 12,000 spe- 
cies will be properly catalogued and systematized in 25 volumes, each of 
1000 pages, and this largely the result of government cooperation with its 
relief-workers! 

It will be remembered that the third period of our Century of Progress 
in Cenozoic Paleontology we have styled that of General Cooperation. 


8 J, A. Cushman: Monograph of Foraminifera of the North Pacific Ocean, U. S. Nat. Mus., 
Bull. 71, pts. 1-8 (1910-1917); Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104 
pts. 1-8 (1918-1931). 
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The great. extent to which the oil corporations contributed to our achieve- 
ments becomes at once apparent when we glance at the acknowledgments 
recorded in reports written during this period. Acknowledgments were 
freely and properly given to the United States National Museum with its 
ever-increasing facilities and stores of type, as well as unworked mate- 
rials. Research funds, endowments, scholarships, individual gifts were 
beginning to be looked for as a matter of course by individuals contem- 
plating investigational work. To illustrate this point, let us take the case 
of working out Gabb’s Cretaceous and Tertiary types. Leaving aside all 
friendly acts of hospitality, library and museum accommodations, loan of 
specimens, and other courtesies from the Atlantic to the Pacific, let us 
turn to real money support. First comes the assistance from Miss Annie 
M. Alexander, of the Paleontological Museum, University of California. 
Then come the three grants from the Marsh Fund of the National Acad- 
emy, followed by the Philadelphia Academy’s underwriting the expense 
of illustrations, and, finally, Dr. Penrose’s generous contribution toward 
the cost of publication. Surely, this is not paleontology 4-la-Conrad, 
setting his own type and engraving his own illustrations. We believe that 
changes have been made for the better, provided we do not expect too 
much outside ourselves, nor lean too heavily on government-paid as- 
sistance. 

Now just a word on the subject of paleontological publication during 
our first century. 

With the ever-increasing tendency toward closer scrutiny of fossil re- 
mains and the naming of old-time species, genera, and old-time genera 
families, there necessarily follows an increased demand for greater care 
for the preservation of types and, above all, for the more elaborate and 
faithful illustration of such type material. Formerly, we have insisted 
that a fossil must be illustrated if we are to have an idea as to what it 
really looks like. Now, we look with despair on the great mass of old 
drawings as they show neither the outlines accurately nor the finer features 
we must have for delimiting our species. We cannot hope to improve type 
specimens. But we can improve our illustration work. In this field, dur- 
ing our first century, we have passed from the copper etchings of Lesueur 
and Say, the lithographic stage of Hall, Holmes, and early geological 
surveys, the wood engravings of the early federal survey days, the line 
etchings of Dall, Clark, and Keyes, the half-tone work of iater days (and 
today), finally to the one process by which photographs may be most 
faithfully copied; viz., collotype. 

Collotype (literally, glue-print) is synonymous with gelatin printing, 
the phototype of the French or the Lichtdruck of the Germans. These 
are general terms. Any number of modifications in the exact proportions 
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of the chemicals, the temperature and moisture of the printing and baking 
have called forth special names by which each organization works. An 
old company in New York was long known under the name of Albertype 
Company. Hall’s special work on corals was reproduced by that process. 
Heliotype is another modification used by Walcott in his Brachiopoda 
illustrations. The name fulltone is auply the trade name for the com- 
pany’s own work. 

The “muddy” work that Dall iis of so disparagingly was due mainly 
to two causes: first, local discoloration was not taken care of in proper 
photographic manipulation; second, illustrations were not so enlarged as 
properly to show details essential in classification. McConnell stood 
in a class by himself as a pen-and-ink shell artist—that we acknowledge— 
but we also acknowledge the fact that for identification purposes even his 
drawings do not meet all modern-day requirements. Finally, it may be 
said that the expense of excellent illustration toward the close of our cen- 
tury was slight in comparison with very mediocre work at the beginning. 

The Paleontological Society from its beginning in 1909 to 1932 had no 
independent, individual means of publication. Suggestions to that end 
were frequently made, but with a small membership this lack seemed 
unavoidable. With the beginning of the new century, with lessened cost 
of illustration and increased membership in the Society, if we are really 
in earnest in our work, there is no reason why we should not share will- 


ingly in the production of a series of parallel yet uniformly edited publica- 
tions with one member of the series devoted to vertebrate paleontology, 
a second to macroscopic invertebrates, another to micro-organisms, and 
another to paleobotany. Efficiency demands this segregation of subjects, 
and we have no doubt that the requirements of Cenozoic paleontology are 
going to be among the important factors for attaining this end. 


ResearcH INstituvion, ItHaca, N. Y. 
MANUSCRIPT RECEIVED BY THR Secretary or THE Socrery, JaNuary 15, 1937. 
ADDRESS DELIVERED AS RETIRING PRESIDENT oF THE PaLeonro.ocicaL Society, Decemege 30, 1936. 
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INTRODUCTION 


The Littleton-Moosilauke area occupies 300 square miles in west-central 
New Hampshire; it is covered by the Moosilauke topographic sheet and 
the New Hampshire portion of the Littleton sheet. Most of the area lies 
west of the White Mountains, but the southeast corner of the Moosilauke 
quadrangle contains some of the higher summits of this group. 

The writer has long been interested in the problem of the age of the 
schists of the White Mountains, and, as the only fossil localities known 
in New Hampshire at the inception of this study were in the Littleton 
district, this area was chosen for special investigation. Obviously, the 
stratigraphy and structure of rocks of known age had to be deciphered 
first, and then their relations to the schists farther east determined. The 
study has achieved its major purpose and has shown that the schists in 
the western part of New Hampshire are of Paleozoic age—some, Silurian 
and Devonian; others, probably Ordovician. Moreover, the area has 
proved to be an unusually fruitful one in which to study regional meta- 
morphism. 

Field work occupied the entire summers of 1931, 1932, and 1933, and 
two weeks in 1934. A flexible field method was employed, the detail with 
which the work was done being controlled by the complexity of the 
geology. The field observations were plotted on a photostatic copy of 
the regular topographic sheet enlarged to the scale of 3 inches to the 
mile. In complicated areas, however, pace and compass maps on a scale 
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Ficure 1.—Index map 
Showing location of Littleton (1) and Moosilauke (2) quadrangles. 


of an inch to 500 feet were prepared. These maps were made by three Vy 
or four men, one of whom ran the traverse, the others locating outcrops. 
About a third of the time in the field was utilized in making maps of this 
type, and much of the northwest corner of the Moosilauke quadrangle was 
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so mapped. Five hundred thin sections were studied, and twenty-one new 
chemical analyses were made. 

The most extensive study of the area made prior to the present survey 
was by C. H. Hitchcock, as part of his study of the whole State. (See 
bibliography at end of paper for references pertaining specifically to the 
Littleton-Moosilauke area.) He later published two short papers, in 
which he revised his earlier ideas. Other important contributions are 
those by Lahee, Ross, Dale, Whitefield, Pumpelly, and Sayles. The re- 
sults of the paleontological studies by Billings and Cleaves, part of the 
present project, have been published elsewhere, and abridged accounts of 
the geology have already appeared. 
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GENERAL LITHOLOGICAL FEATURES 


A great variety of sedimentary and igneous rocks, in various stages of 
metamorphism, are found in the Littleton-Moosilauke area. Their se- 
quence, age, thicknesses, and a graphical representation of the geological 
history are given in Figure 2, together with the lithology in the north- 
western part of the area. 

The sedimentary rocks fall into six major stratigraphic units. The 
Albee, Ammonoosuce, and Partridge formations are pre-Silurian, probably 
upper Ordovician. Unconformably overlying these are the Clough con- 
glomerate and the Fitch formation, both of Silurian age, and the Littleton 
formation, of lower Devonian age. 

Plutonic rocks are abundant. The Highlandcroft magma series con- 
stitutes the oldest group and is probably late Ordovician. Some time 
after the lower Devonian, but before the Triassic, other large quantities 
of magma invaded the region. The Oliverian magma series preceded the 
folding and was followed by the New Hampshire magma series, the 
earlier members of which were contemporaneous with the main period of 
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folding, and the younger members of which were slightly younger than 
the folding. The White Mountain magma series is the youngest of the 
plutonic rocks, but it is not extensively developed in the Littleton-Moosi- 
lauke area. There are many dikes and sills, some older than the regional 
metamorphism, others younger. 

All the sedimentary and volcanic rocks have been deformed and meta- 
morphosed, but the metamorphism is more intense in the southeastern part 
of the area. On the basis of the difference in the degree of metamorphism, 
as indicated by the mineralogy, the sedimentary and volcanic rocks are 
assigned to three zones, which are called the low-grade, the middle-grade, 
and the high-grade zones (Fig. 3). These three zones correspond in their 
mineralogical associations to the epizone, the mesozone, and the katazone 
of Grubenmann and Niggli,* and on the geological maps (Pls. 1 and 12) 
the dual terminology has been used. The reasons for the nomenclature 
adopted in this paper are given on page 540. 

The distinction between the zones is based primarily on their mineralogy. 
The low-grade zone is characterized by chlorite, epidote, albite, sericite, 
and dolomite; the middle-grade zone, by staurolite, garnet, hornblende, 
actinolite, diopside, biotite, and intermediate and calcic plagioclase. The 
mineralogical contrast between these two zones is striking. The high- 
grade zone differs from the middle-grade zone chiefly in that sillimanite 
is present and staurolite is absent or is in small crystals. Thus, if alumi- 
nous sediments are not present, it is difficult or impossible to distinguish 
the middle-grade and the high-grade zones on mineralogical criteria alone. 
In general, the high-grade rocks are coarser than the middle-grade, but 
this criterion is difficult to apply, and, wherever the rocks might belong 
to either of the two higher zones, they have been assigned to the middle- 
grade zone. Thus, some areas shown in Figure 3 as middle-grade may 
actually be high-grade. Although 500 thin sections were studied, the 
writer fully appreciates that more detailed studies might lead to greater 
refinement in a map of the metamorphic zones. 

The increase in the intensity of the metamorphism to the southeast is 
not due to the greater age of the rocks in this direction, but to a progressive 
increase in the metamorphism of rocks of the same age. Thus, the 
lithological characteristics of every formation must be described several 
times. The most logical order of treatment might be to describe first the 
sequence and lithology of the strata in the northwestern part of the area, 
where the rocks are least metamorphosed and most fossiliferous. The 
sequence and lithology of the more highly metamorphosed rocks could 
then be described, and, finally, the correlation with the less-metamor- 
phosed rocks established. Such a method, however, would consume more 


2U. Grubenmann and Paul Niggli: Die Gesteinsmetamorphose (1924) p. 369-413. 
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space than the procedure adopted, and would not portray the progressive 
metamorphism so successfully. Each formation is described in the vari- 
ous metamorphic zones (p. 472-495), and the proof of the correlation is 
given in a later section (p. 495-499). Further complexities are introduced 
into description of the stratigraphic units by transitions between the vari- 
ous zones and by retrograde metamorphism.” 


ORDOVICIAN (?) STRATA 
ALBEE FORMATION 


General Statement—The Ordovician (?) strata include the Albee 
formation, the Ammonoosuc volcanics, and the Partridge formation. 


Low-grade Zone.-—Four belts of .ae Albee formation cross the area, one 
near Gardner Mountain (Littleton quadrangle), a second near Towns 
Mountain (Littleton quadrangle), a third near the village * of Littleton, 
and a fourth near the villages of Lisbon and Bath.* 

The low-grade rocks of the Albee formation are found northwest of 
the Ammonoosuc thrust (for location of thrust, see Fig. 3), where the 
formation consists of black and green slate, green to gray argillaceous 
quartzite, and light-green to white quartzite. The rocks are arbitrarily 
divided into three groups on the basis of the amount of quartz, those with 
less than 60 per cent being termed slate; those with between 60 and 80 
per cent, argillaceous quartzite; and those with more than 80 per cent, 
quartzite. With the exception of the black slate, the rocks weather white 
or buff, but in fresh exposures they are light- to dark-green. In general, 
the cleavage is more pronounced than the bedding, and in many instances 
it is impossible to recognize the latter. The beds are 1 to 6 inches thick, 
but some of the more massive quartzites are 5 to 6 feet thick. The rocks 
are generally crumpled. 

The chief minerals are quartz, sericite, and chlorite; biotite, garnet, 
staurolite, and sillimanite are absent. The modes and other descriptive 
data are summarized in Table 1.° 


Transition between Low-grade and Middle-grade Zones—Two miles 
north-northeast of Lisbon, the Albee formation appears from beneath 


2 Alfred Harker: Metamorphism (1932) p. 342-356. 

8A township in New Hampshire is a political unit covering 35 to 100 square miles; a village is a 
compact settlement with several to a few thousand inhabitants. There may be several villages 
within a township, and usually, but not necessarily, the principal village has the same name as the 
township. 

For a discussion of the origin of formation names, and description of localities where the forma- 
tions are best exposed, the reader is referred to an earlier publication: M. P. Billings: Geology of 
the Littleton and Moosilauke quadrangles, New Hampshire, St. Plan. Devel. Comm., Concord (1935). 

5 All modes given in this paper are in volume per cent, except those calculated from chemical 
analyses, which are in weight per cent. Except for those calculated from ch 1 analyses the 
modes are based largely on estimates, but sufficient Rosiwal determinations were made so that the 
ability to estimate was constantly checked. 
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the Ammonoosuc thrust and may be traced 8 miles to the southwest, where 
it leaves the Moosilauke quadrangle. In the vicinity of Lisbon, the rocks 
of the Albee formation differ from those in the low-grade zone chiefly in 
the presence of small porphyroblasts of biotite and garnet, set in a ground- 
mass similar to that found in the low-grade zone (PI. 8, fig. 1). Southwest 


1.—Albee formation 


2 PERCENTAGE OF MODES 
fo) 
GRAIN SIZE 
= Porphy- mm. 
Groundmass ( ) 
ZONE a 
Z | mass | roblasts 
Low-grade: 
Black 1 7130125} Bi. Bl. of & §0.01-0.02 
Green slate............. 2 2) 2). §0.01-0.03 
Argillaceous quartzite....// 3 70/19) 9) 
3 @ (0.10-0.70 
Transition: 
Black slate with biotite 
porphyroblasts........ 1 5] 3 ].... #0.01-0.03/0.1-0.5 
Biotite-chlorite-sericite 
schist (PI. 8, fig. 1)..... 2 55) 5) 5/25]. 10 S $0.01-0.02/0.1-0.2 
*Chlorite-sericite-quartz 
1 7/25) 5). S |0.01-0.02 
2 |83) 8| 8 G }0.1-0.5 
Middle-grade: 
Biotite-garnet schist... .. 1 9 .| S }0.03-0.04/0.3-0.6 
Biotite-garnet schist... . . he 6 |0.02-0.08/0.2-0.8 
Biotite-quartz schist... .. cheats ae (0.03-0.07 0.3-0.7 


* Strictly a low-grade type, collected a few hundred feet southeast of the Ammonoosuc thrust, a mile 
north of Bath. S—Schistose. G—Granoblastic. 

t+ Much of the biotite is chloritized. 
of Bath, however, the metamorphism increases, and the rocks are middle- 
grade types. The modes and other data pertaining to the transition zone 
are summarized in Table 1. 


Middle-grade Zone——The rocks of the Albee formation found south- 
west of Bath, and also those extending southwestward from Littleton, are 
described under this heading. The rocks in the latter belt may actually be 
high-grade, for the critical minerals, staurolite and sillimanite, which 
serve to distinguish between the two higher zones, are both lacking. 

In the middle-grade zone the rocks of the Albee formation carry biotite 
and garnet porphyroblasts, but, in contrast to the transition rocks already 
described, chlorite and sericite are absent from the groundmass. Many 
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of the biotite porphyroblasts, however, have been altered to chlorite, 
indicative of retrograde metamorphism. The rocks have been rather 
arbitrarily divided into (1) mica schist, (2) quartz-mica schist, and (3) 
micaceous quartzite and quartzite, depending upon whether the quartz is 
less than 60 per cent, between 60 and 80 per cent, or more than 80 per cent. 

Two miles southwest of Littleton, the Ammonoosuc River crosses a 
narrow belt of the Albee formation directly northwest of the Bethlehem 
gneiss. The Albee in this locality is unusually rich in tourmaline, which 
in places constitutes 2 per cent of the rock; locally, tourmaline veinlets 
several millimeters wide cut the schists and quartzites. This is undoubt- 
edly a hydrothermal contact metamorphic effect related to the intrusion 
of the Bethlehem gneiss. 

The modes and other data are summarized in Table 1. 


High-grade Zone.—Southwest of Bath the metamorphism increases, 
and northwest of the French Pond granite the Albee formation has under- 
gone high-grade metamorphism. The rocks studied petrographically came 
from the adjacent Woodsville quadrangle, less than a mile from its eastern 
border. The rocks of this area differ from those in the lower zones in 
containing sillimanite and in having a coarser texture. The average 
mineral composition of three thin sections follows: quartz 47 per cent, 
muscovite 22 per cent, biotite 18 per cent, oligoclase-andesine 8 per cent, 
sillimanite 3 per cent, magnetite 1 per cent, chlorite (retrograde from bio- 
tite) 1 per cent, and trace of staurolite, tourmaline, garnet, and pyrite. 
The grain size is from 0.2 to 2.0 millimeters, which is considerably coarser 
than in the lower zones. 


Comparison of Different Metamorphic Zones—Table 2 shows how 
the rocks of the Albee formation in the different metamorphic zones are 
related to one another. This and similar tables (Tables 4, 6, and 9) are 
not correlation tables in the stratigraphic sense; they do not mean that 
a certain black slate of the low-grade zone is the precise stratigraphic 
equivalent of a black mica schist with biotite porphyroblasts in the 
middle-grade zone; they mean that black slates, which are found through- 
out the Albee formation, have been derived from the same kind of original 
sediment as have the black mica schists. For the criteria used in prepar- 
ing these tables, see page 499. 


Thickness—Any attempt to determine the thicknesses of the pre-Si- 
lurian strata is fraught with difficulties, owing to the intensity of the de- 
formation. The thicknesses of the Clough, Fitch, and Littleton forma- 
tions may be determined in the usual manner (p. 483, 487, 493), despite 
the fact that, in general they have been as intensely deformed as the 
older rocks. The strata are essentially vertical; hence, the breadth of 
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outcrop is a function largely of the thickness of the formation and the 
amount of folding and faulting. Over a large area the ratio between 
breadth of outcrop and thickness should be the same for all formations. 

The average breadth of outcrop of the Albee formation on the east 
limb of the Gardner Mountain anticline is 8000 feet. Assuming that the 


Taste 2.—Equivalency of lithologic types of the Albee formation in the different 
metamorphic zones 


Low-grade Zone Transition Zone* Middle-grade Zone* 

Black slate**.......... Black slate with biotite porphyro- | Black mica schist with biotite por- 
blasts. phyroblasts. 

Green slate**.......... Schists with porphyroblasts of biotite | Schists with porphyroblasts of biotite 
and/or garnet in a groundmass of and/or garnet in a groundmass of 
sericite, chlorite, and quartz. muscovite, quartz, and in one case 

garnet. 

Argillaceous quartzitef.| Schists with porphyroblasts of biotite | Schists with porphyroblasts of biotite 
and/or garnet in a groundmass of and/or garnet in a groundmass of 
quartz, sericite, and chlorite. quartz and muscovite. 

Quartzite with a few porphyroblasts | Quartzite with some porphyroblasts 
of biotite; some sericite and chlo- of biotite. 
rite in groundmass. 


* Chlorite porphyroblasts are present in both these zones, but in general they seem to be retrograde 


after biotite. 
** Quartz less than 60 per cent along this horizontal line. 
+ Quartz between 60 per cent and 80 per cent along this horizontal line. 
tQuartz over 80 per cent along this horizontal line. 


same ratio exists between thickness and average breadth of outcrop as 
for the Fitch formation (1:2), the thickness of the Albee would be 4000 
feet. ‘The base of the formation is not exposed in the area under con- 
sideration, but may be observed in the Woodsville quadrangle, 24 miles 
southwest of Center Haverhill. 


Age.—No fossils have been found in the Albee formation. It is older 
than the Ammonoosuc and the Partridge formations, both of which are 
pre-Silurian, as they underlie the fossiliferous Silurian. Reconnaissance 
work during the summer of 1933 suggests that the Albee formation is 
younger than the fossiliferous middle Ordovician of Vermont described by 
Richardson. These data indicate that the Albee formation is probably 
upper Ordovician. 

AMMONOOSUC VOLCANICS 

Low-grade Zone.—There are five belts of the Ammonoosuc volcanics, 

two in the low-grade zone, two in the middle-grade zone, and one which, 


°C. H. Richardson: The Ordovician terranes of central Vermont, 11th Bien. Rept., Vt. St. Geol., 
1917-1918 (1919) p. 45-51, especially p. 51. 


| 
| 
| 
| 
it 
i 


476 M. P. BILLINGS—-LITTLETON-MOOSILAUKE AREA 


although chiefly in the middle-grade zone, shows transitions to low-grade 
types along its western border. 

The Ammonoosuc volcanics northwest of the Ammonoosuc thrust show 
low-grade metamorphism. They are classified as follows, although numer- 
ous transition types are found: (1) soda-rhyolite with conspicuous 
quartz and feldspar crystals; (2) fine-grained massive to schistose soda- 
rhyolite; (3) soda-rhyolite voleanic conglomerate; (4) greenstone;’ (5) 
meta-andesite porphyry breccia; and (6) slate and impure quartzite. In 
addition, some voleanic rocks, similar to those already listed, have been 
contaminated by argillaceous material. Lahee has given an excellent 
description of the first and third types.® 

The essential minerals are albite-oligoclase, quartz, sericite, chlorite, 
epidote, and carbonate; an actinolitic amphibole is found in one small 
area. Biotite (except for two occurrences of greenish biotite), garnet, 
staurolite, sillimanite, blue-green aluminous amphibole, and pyroxene are 
absent. 

Cleavage, in general striking northeast and essentially vertical, is more 
conspicuous than bedding. The absence or obscurity of bedding over 
large areas is, in part, primary, but in many instances is due to well- 
developed cleavage. Locally, however, particularly where exposures are 
large, bedding may be readily observed, and most of the formation appears 
to be water-laid. 


It is not everywhere possible to establish a precise boundary between 
the Albee and the Ammonoosuc formations. This is, in places, due to in- 
tricate folding. Elsewhere, it is due to a transition zone, 100 to 200 feet 
thick, containing soda-rhyolite, characteristic of the Ammonoosuc, inter- 
bedded with quartzite, characteristic of the Albee. 


Although soda-rhyolite with conspicuous quartz and feldspar crystals is not so 
widely distributed as greenstone and fine-grained soda-rhyolite, it is a distinctive 
type. Somewhat rounded, milky to blue quartz grains and sub-angular, white feld- 
spar crystals are set in an aphanitic, more or less schistose groundmass, which is 
gray if fresh, buff to white if weathered. The quartz ranges in diameter from 02 
to 4.0 millimeters; the feldsar, from 0.2 to 15 millimeters. Sericite is very char- 
acteristic, as in the other soda-rhyolites; it produces a characteristic sheen and feels 
greasy to the touch. Modes are given in Table 3. 

The chemical analysis, Table 19, column 6, indicates a soda-rhyolite, but repre- 
sents a rock richer in calcite than the average for the Littleton-Moosilauke area. 
The mode calculated from this analysis is given in Table 3. One would infer that 
only the plagioclase, quartz, and apatite are primary minerals. It is significant that 
the molecular amount of lime (0.023) in the calcite equals the excess alumina that 
forms sericite instead of orthoclase. This suggests that the lime of the calcite was 


7 Greenstone is used in this paper, in want of a better name, for low-grade metamorphic rocks, 
originally of basaltic or andesitic composition, composed of albite-oligoclase, chlorite, carbonate, 
epidote, and, in places, actinolitic amphibole. They may be schistose or massive. 

8 F. H. Lahee: Origin of the Lyman schists of New Hampshire, Jour. Geol., vol. 24 (1916) p. 366-381. 


3 
i 
he 
= 
‘iad 
= 
4 
3 
: 
i 
} 
j 
| 
| 
= 
iy 
& 


BULL. GEOL. SOC. AM., VOL. 48 
TABLE 3—Ammonoosuc vu 


Groundmass 


ZONE 


No. of THIN SECTIONS 
Quartz-alkali feldspar 


Albite-oligoclase 


Sericite 
Andesine-oligociase 


Epidote 

| Chlorite 
Calcite 
Magnetite 
Green biotite 

| Rutile 
Leucoxene 
Apatite 
Limonite 
Quartz 
Pyrite 
Zircon 
Amphibole 
Carbonate 

| Ilmenite 

| Carbon 

| Alkali-feldspar 
| Andesine 
| Biotite 

| Muscovite 
| Garnet 

| Miernchnea 


Low- 
a- 
with large 
quartz and 
roe 
large feld 
spar 


an - rhyolite 
with large 


crys- 
feldspar as 
large crystals 


on Rosi- 
wal determina- 


(Pl. 


5 


35 31/11). .| tr} tr 


8, 
“Pe of 
rhyolite from 
meta - andesite 


“Pebbies” and 
matrix of meta- 
andesite por- 

Transition: 

Hornblende- 
biotite-chlorite 
schist (Pl. 8, | 

OF 

Matrix and boul- 
ders of biotite- 
hornblende- 
chlorite schist 
voleanic con- 


a 
© 


Mica schist . 


Fine - grain 
light - color 
biotite gneiss 
with conspicu- 
ous quartz and 
feldspar crys- 

albite- 
=Ang 
- grained 
light - colored 
biotite gneiss 
with conspicu- 
ous quartz and 
uy! crys- 
Amount 
of and 
par as 
large crystals 
ased on Rosi- 
wal determina- 
tion; ground- 
mass feldspar 
= about Ora 


to 


Fine - grained 
biotite gneiss 
comprising the 
matrix of the 
voleanie con- 

Amphibolite..... 4] 2] te) tr]. .]..] 

Hornblende - py- 
roxene granu- 
lite; alkali-feld- 
spar=An7..... 


ne 


Chlorite in 


to 5 
millimeters 


Light - colored 
: horn - blende- 
feldspar rock; 
andesine really 


oligoclase...... 
Black schist. 
Garnet is pre- 
sent in por- 


* Calculated from chemical analysis in Table 19. 
This rock seems to have reached equilibrium and to be a true middle-grade rock, although it is 
In many cases the groundmass feldspar av: es homogeneous AnAbse, probably with conside 
are present, microcline and sodic oligoclase. Rare albite-oligoclase ‘‘phenocrysts’”’ average Ams. 
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nmonoosuc volcanics 


BILLINGS 


Phenocrysts 
or large crystals | roblasts 
GRAIN SIZE 
(mm.) 
2 
SIS) 5/5 5/515] 6/5 = Ground- | “Pheno- | Porphy- 
| mass | crysts” | roblasts 
tr]. 
oof G 
G §0.01-0.02/1.00-8.00]......... 
10}11) 1 S 90.02-0.04]......... 0.50-5.00 
S #0.02-0.03)......... 0.50-4.00 
70.03-0.04]......... 0.30-1.00 
3} S 0.30-1.00 
10 8] 6 9} 7 S 
8}. [14] 3] tr]. tr} tr]. 
2]... cle of. 41..1..4 8 0.30-5.00 
5]. 2} 1 G 90.07-0.17]......... 1.00-2.00 
|50)10 tr 18}.. G #0.03-0.05)......... '0.70-2.00 
.|14]..] tr] S #0.01-0.03]...... ..-{0.30-0.40 


-ock, although it is found in the transition zone. 
bably with considerable potash feldspar in solid solution. 
=Granoblastic. 


average Anis. 


In other cases two feldspars 
S =Schistose. 
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originally present as anorthite, but, with the addition of carbon dioxide, much of 
the lime was converted to calcite, the alumina released being added to the orthoclase 
molecule to form sericite. The oxides now present in the chlorite were originally 
in some femic mineral, probably biotite or hornblende. 

Most of these soda-rhyolites are pyroclastics rather than flows; some are strati- 
fied; others form the matrix of conglomerates. About 0.4 mile north-northwest of 
Ogontz Lake, on a small knoll about 300 feet southeast of a schoolhouse, however, 
the massiveness of the rock suggests a flow® (Pl. 8, fig. 3). In the vicinity of Mt. 
Misery and Towns Mountain, along the east side of the Littleton quadrangle, the 
matrix of the soda-rhyolite tuff is argillaceous. 

The fine-grained soda-rhyolite is aphanitic to fine-grained and white, gray, or 
greenish gray. It is more or less schistose and in some localities shows distinct 
pencil cleavage. Some of the more schistose varieties are bedded and are undoubt- 
edly tuffs; the more massive types are probably lava flows, and a few may be 
intrusives. The average mode is given in Table 3. 

The soda-rhyolite volcanic conglomerate is locally abundant. The boulders 
average 4 inches in diameter, with a maximum of 12 inches. In many instances, 
they are ellipsoidal because of tectonic elongation. The most common boulders 
are soda-rhyolite, generally with phenocrysts of quartz and albite-oligoclase 0.2 
to 6.0 millimeters long, but a few phenocrysts are orthoclase. Dense soda-rhyolite 
and greenstone also are found as boulders. 

The matrix is a soda-rhyolite tuff, with milky to bluish quartz, and white albite. 
The groundmass of the matrix is an aphanitic mosaic of quartz and feldspar, with 
some epidote, chlorite, and sericite. Much secondary calcite is locally developed. 

The greenstone is abundant (PI. 8, fig. 2). It is greenish gray to dark-green and 
is generally schistose. In some instances, it is stratified and, as a rule, seems to be 
a tuff rather than a flow. The average mode is given in Table 3; a mode calculated 
from the chemical analysis is also given. 

A chemical analysis is given in Table 19, column 9. The sample is fairly repre- 
sentative, except that it lacks calcite and is rich in epidote. The rock is believed 
to have been originally an andesite-basalt tuff. 

Amphibole is not common in the Ammonoosuc volcanics of the low-grade zone, 
but is found in a meta-andesite porphyry breccia, which may be traced for 1% miles 
northeastward from a point 1.1 miles north-northeast of Slate Ledge School. The 
rock is clastic, with subangular fragments 2 to 15 centimeters across. The matrix 
and the more common pebbles are dark-green. Both have amphibole phenocrysts 
1 to 8 millimeters long, and albite phenocrysts 1 to 3 millimeters long. A mode is 
given in Table 3. 

The amphibole is secondary. Although it is found locally in large crystals several 
millimeters long, more commonly it is found as irregular aggregates. Some of these 
are pseudomorphs after a femic mineral. The optical properties are: biaxial negative, 
a = 1628, 8 = 1643, y = 1.652; 2V = about 65°; Z , c = 19°; X = colorless, 
Y = light-yellowish green, and Z = light-bluish green. Wiseman” found similar 
properties for amphiboles from low-grade metamorphic rocks in Great Britain. His 
analyses show that they are non-aluminous, actinolitic varieties. Both optically 
and chemically, they are unlike those found in the higher zones, described on 


page 513. 


®F. H. Lahee: op. cit., p. 377-378. 
10 J, D. H. Wiseman: The central and southwest Highland epidiorites: a study in progressive meta- 


morphism, Geol. Soc. Lond., Quart. Jour., vol. 90 (1984) p. 354-417. 


d 
3 
q 
a 
| 
| 
| 
| 
| 
| 
; 


478 M. P. BILLINGS—LITTLETON-MOOSILAUKE AREA 


There are sedimentary rocks interbedded with the Ammonoosuc volcanics. They 
constitute not more than 10 or 15 per cent of the formation and are most abundant 
near the base. They are slate, arenaceous slate, and impure quartzite. Representa- 
tive modes are given in Table 3. 


Transition between Low-grade and Middle-grade Zones ——About a mile 
northeast of Perch Pond the rocks directly southeast of the Ammonoosuc 
thrust are transitional between the low-grade and the middle-grade types. 
This belt gradually widens toward the southwest to a maximum of 2 miles 
in the vicinity of Lisbon. The characteristic feature of the rocks in this | 


zone is the presence of porphyroblasts of middle-grade minerals, notably 
biotite, garnet, and blue-green aluminous hornblende, set in a ground- 
mass that consists, in part, at least, of low-grade minerals, such as seri- 
cite and chlorite (Pl. 8, fig. 4). The porphyroblasts are believed to repre- 
sent the beginning of a new crystallization under middle-grade conditions, 
but, owing to the sluggishness of reaction, low-grade minerals remain in 
2am the groundmass. Retrograde metamorphism complicates the relations, 
: 4 however, and at least some of the chlorite and sericite are secondary after 
middle-grade minerals. A few typical modes are given in Table 3. 


Bris Middle-grade Zone.—With the exception of the rocks just described, the 

Ss Ammonoosuc volcanics southeast of the Ammonoosuc thrust are in the 
middle-grade zone. Superficially, they bear little resemblance to the 
equivalent rocks in the low-grade zone. In the more siliceous rocks, which 
are soda-rhyolites in the low-grade zone, biotite becomes conspicuous, and 
the greasiness characteristic of the low-grade zone gives way to grit. 
Garnet also appears. These siliceous types are described later as fine- 
grained biotite gneisses. In the more basic volcanics, which are classed 


as greenstones northwest of the thrust, a blue-green aluminous hornblende 
Be and white andesine replace the chlorite, calcite, albite, and epidote to 
q a produce amphibolites. In the sedimentary types, biotite and garnet form 
a mica schists. 


The rocks, as a whole, are coarser than in the low-grade zone. The 
pebbles and fragments, moreover, tend locally to lose their individuality 
and to merge with the matrix. Schistosity is far more conspicuous than 
bedding, although locally the bedding may be observed. Most of the 
formation is probably water-laid, though possibly some ash and flows are 
represented. Just as in the low-grade zone, it is generally difficult to 
establish a precise boundary with the Albee formation. 

The following lithologic types are recognized: (1) fine-grained biotite 
gneiss with conspicuous quartz and feldspar crystals; (2) fine-grained 
biotite gneiss; (3) voleanic conglomerate with matrix of biotite gneiss; 
(4) amphibolite; (5) amphibolitic voleanic conglomerate; and (6) mica 
schist and micaceous quartzite. Less-common types are (7) hornblende- 
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Ficure 1. LOOKING NORTH FROM BLACK MouNTAIN 

Shows topography and cultivation characteristic of most of the Littleton-Moosilauke area. East 

(right) end of ridge in middle distance is Moody Ledge; west (left) end is Green Mountain. (Photo 
by J. B. Hadley) 


Ficure 2. Mr. MoosiLauKkeE 
View from Black Mountain. Heavy forest cover characteristic of southeastern part of Moosilauke 
quadrangle. Note ‘‘slides’”” on west slopes of Mt. Moosilauke. (Photo by J. B. Hadley) 
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diopside granulite;' (8) biotite-andesine schist; and (9) chlorite-biotite- 
andesine rock. 

The fine-grained, light-colored, biotite gneiss with conspicuous quartz and feldspar 
crystals is the middle-grade equivalent of the low-grade soda-rhyolite with con- 
spicuous quartz and feldspar crystals. It is white to light-gray, with rounded grains 
of blue to smoky quartz 1 to 3 millimeters in diameter and subangular feldspar 
crystals 03 to 2.0 millimeters long. Many specimens have pyrite cubes. The 
groundmass is fine-grained, granular, and is speckled with biotite. Schistosity varies 
from weak to strong. Locally, the biotite flakes, which all lie in the plane of 
schistosity, show a linear parallelism. An average mode and a mode calculated 
from the chemical analysis are given in Table 3. A chemical analysis is given in 
Table 19, column 8. 

The field relations show that most of these gneisses were originally volcanic tuff, 
for locally they are crudely bedded. 

The fine-grained light-colored biotite gneiss (Pl. 9, fig. 1) is abundant and is the 
middle-grade equivalent of the low-grade, fine-grained soda-rhyolite. It is white 
to gray, and schistosity is almost invariably present, though varying in intensity. 
At a few localities the biotite shows linear parallelism. An average mode is given 
in Table 3. 

Voleanic conglomerate with matrix of biotite gneiss (Pl. 3, fig. 2) is the middle- 
grade equivalent of the soda-rhyolite volcanic conglomerate. Under the bridge at 
Barrett, many of the pebbles are somewhat “stretched” and average 2 inches long. 
Three kinds of pebbles are present: (1) fine-grained, light-colored, recrystallized 
soda-rhyolite; (2) white biotite gneiss, apparently originally porphyritic soda-rhyo- 
lite; and (3) dark mica schist. The matrix is gray, weakly schistose, and contains 
conspicuous bluish quartz grains 2 to 4 millimeters across. Microscopically, this 
matrix is very similar to the fine-grained biotite gneiss. 

Below the bridge at Swiftwater, light-colored ellipsoidal pebbles, 2 to 5 centimeters 
long, are set in a slightly darker matrix. The pebbles, composed of fine-grained 
quartz, alkali feldspar, and small amounts of biotite and muscovite, were originally 
soda-rhyolite. The composition of the matrix is given in Table 3. 

In many localities in the middle-grade zone, however, the clastic character of 
the Ammonoosuc volcanics is obscure, and only on stream-washed surfaces can 
fragments be distinguished from matrix. Moreover, with further metamorphism 
there is complete merging of fragments and matrix, and fine-grained biotite gneiss 
develops. 

The amphibolite, the middle-grade equivalent of the greenstone, is typically apha- 
nitic to medium-grained and black to dark-green. Schistosity is generally poor, 
and locally it may be completely lacking. In the coarser specimens, feldspar and 
hornblende may be distinguished. The hornblende is seen as needles or stubs 1 to 3 
millimeters, exceptionally 15 millimeters, long. Locally, it is unoriented, but, more 
commonly, all the crystals lie in the plane of schistosity, and, very rarely, they 
have their long axes parallel. This hornblende is optically similar to the analyzed 
aluminous hornblende from Sugar Hill (Table 19, column 20). Biotite is not abun- 
dant. A specimen from Ore Hill contains 18 per cent pyroxene. This suggests 
higher temperature conditions characteristic of high-grade metamorphism, perhaps 
due to the proximity of the Ore Hill granite. Data on the amphibolite are given 
in Table 3. 


11 Granulite is used in this paper as defined by Holmes: ‘‘A granulose metamorphic rock, composed 
of even sized interlocking granular minerals.’’ Arthur Holmes: The nomenclature of petrology 
(1928) p. 111. 
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The amphibolite is mainly of pyroclastic origin. In many instances, no definite 
data are available, but in others the amphibolite is interbedded with other volcanic 
types and is locally fragmental. The mineralogy indicates that the original rocks 
were andesitic and basaltic. In the field, it is not always possible to distinguish 
younger amphibolite intrusions, particularly sills, from volcanics of similar composi- 
tion. Cross-cutting relations indicate an intrusive, and field experience shows that 
coarse amphibolites are generally, but not necessarily, intrusive. 

The amphibolitic voleanic conglomerate and breccia is found locally in the Ammo- 
noosuc volcanics. In some phases the fragments are well defined; in others, rather 
vague and indefinite; they are elongated in the direction of the linear parallelism 
(Pl. 3). 

The most abundant metamorphosed sedimentary rocks in the Ammonoosuc vol- 
canics are aphanitic black schists. A mode is given in Table 3. 

At the immediate contact with large intrusive masses, fine-grained biotite gneiss 
may be converted into hornblende-pyroxene granulite. This rock has been observed 
(1) along the Wild Ammonoosuc River, near the mouth of Bowen Brook, a few feet 
west of the Bethlehem gneiss; (2) on the brook that rises between the south end 
of The Hogsback and Blueberry Mountain, at an elevation of 2230 feet and a few 
feet east of the Owls Head granite. (See Table 3 for a mode.) Near one of the 
old mine tunnels on Ore Hill, there is a biotite-andesine schist. It is black, strongly 
schistose, and is composed largely of biotite and white, granular feldspar. A mode 
is given in Table 3. Along the road, two-thirds of a mile west of the summit of Ore 
Hill, there is a coarse chlorite-biotite-andesine rock. A mode is given in Table 3. 
Rocks transitional between the fine-grained biotite gneisses and the amphibolites 
have been observed. They are fine-grained, somewhat schistose biotite gneisses con- 
taining hornblende. A mode is given in Table 3. 


Comparison of different Metamorphic Zones—The equivalents of 
most of the rocks in the middle-grade zone have been recognized in the 
low-grade zone. Table 4 shows the relations, which are based on simi- 
larity in chemical composition and structure (p. 499). 


Thickness—The thickness of the Ammonoosuc voleanics cannot be 
calculated accurately. The average breadth of outcrop northwest of the 
Ammonoosuc thrust is 4000 feet, and, assuming that the same ratio exists 
between thickness and breadth of outcrop as for the Fitch formation (1:2), 
the thickness would be 2000 feet (p. 474). 


Age.—No fossils have been found in the Ammonoosuc volcanics, but 
the volcanics are pre-Silurian, and probably upper Ordovician (p. 475). 


PARTRIDGE FORMATION 


Low-grade Zone——The Partridge formation is found in four areas; 
the three northwest of the Ammonoosuc thrust are in the low-grade zone, 
the one southeast of the thrust is in the middle-grade zone. 

Northwest of the Ammonoosuc thrust, the Partridge formation is 
largely black slate. Cleavage is conspicuous, and bedding is rare. The 
lower 25 feet of the formation is distinctive, and has served as an excel- 
lent unit for mapping. In places, black slate and fine-grained, light- 
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colored quartzite alternate in beds a quarter of an inch to an inch thick. 
Elsewhere, this basal member has thin beds of sericite-quartz-albite 
schist (soda-rhyolite tuff) similar to those found in the Ammonoosuc 
volcanics. 

Middle-grade Zone.—Two miles east of Bath the Partridge formation 
lies in the middle-grade zone. Small porphyroblasts of biotite or garnet, 


TasBLe 4.—Equivalency of lithologic types of the Ammonoosuc volcanics in the low- 
grade and middle-grade zones 


Low-grade zone Middle-grade zone 
Soda-rhyolite crystal tuff with conspicu- Fine-grained, light-colored biotite gneiss 
ous quartz and feldspar crystals. with conspicuous quartz and feldspar 

crystals. 
Fine-grained soda-rhyolite Fine-grained, light-colored biotite gneiss. 
Soda-rhyolite volcanic conglomerate. Volcanic conglomerate with matrix of fine- 
grained biotite gneiss. 
Greenstone Ampbhibolite. 
(Meta-andesite porphyry breccia). Amphibolite volcanic conglomerate and 
breccia. 
? Light-colored hornblende-feldspar schist. 
? Coarse chlorite-biotite-andesine rock. 
? Biotite-andesine schist. 
Slate Mica schist. 
Argillaceous quartzite. Aphanitic, black schist. 


from 1 to 4 millimeters across, are set in a fine-grained, schistose ground- 
mass. The biotite is oriented at random and is locally chloritized. 


Thickness —The Partridge formation is not present everywhere beneath 
the Silurian formations, which in many places rest directly on the Am- 
monoosue volcanics. This is due to a pronounced unconformity, dis- 
cussed in more detail on page 517. It is believed that locally the formation 
may be as much as 2000 feet thick. 


Age.—Like the Albee and the Ammonoosuc formations, the Partridge 
formation is pre-Silurian, and probably upper Ordovician (p. 475). 


SILURIAN STRATA 
CLOUGH CONGLOMERATE 


General Statement—The Clough conglomerate is one of the best key 
horizons in western New Hampshire, and, though thin, it is resistant and 
exceptionally well represented in outcrops (PI. 4, fig. 2). A study of 
the structure of the Littleton-Moosilauke area resolves itself in part into 
the careful mapping of the Clough conglomerate. This formation ap- 
parently continues south through western New Hampshire as far as the 
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Massachusetts boundary, and, thus, will serve as an excellent key to the 
geology of that part of the State. 

The formation is found in five belts, a rather intricate one northwest of 
the Ammonoosuc thrust, and four others to the southeast. Northeast of a 
line from Franconia Village to Ogontz Lake the Clough conglomerate is 
absent. This absence is due to failure of sedimentation, for the formation 
was deposited as a thin sheet, overlapping from the southwest. South- 
west of the line indicated, the Clough is also locally absent, but this is due 
to tectonic factors (p. 531). 


Low-grade Zone.—Many of the exposures of the Clough conglomerate 
are bold, conspicuous, white cliffs, 10 to 40 feet high. Many of the out- 
crops are either massive conglomerate or quartzite; others show inter- 
bedding of the two, with individual beds, 1 to 3 feet thick. 

The pebbles in the conglomerate are chiefly vein quartz, but some are 
quartzite, jasper, greenstone, or soda-rhyolite; generally they have been 
elongated tectonically into ellipsoids, with the greatest axis from 1 to 8 
centimeters long. In some places, only a few pebbles are present; in 
others, they constitute 60 per cent of the rock. The matrix is pure, or 
slightly impure, quartzite. It weathers white to gray, but on fresh sur- 
faces the less pure varieties are dark, greenish-gray; locally, it may be 
brown with limonite. The grain size is 0.01 to 0.04 millimeter, and the 
chief mineral is quartz; sericite and chlorite are the chief accessories, and 
each may constitute 4 per cent of the rock. Minor accessories are mag- 
netite, limonite, and tourmaline. 

The quartzites are white to buff. Under the microscope, they do not 
differ materially from the matrix of the conglomerate, but, in general, 
they carry less sericite and chlorite. 


Middle-grade Zone.—Large mountains are held up by the Clough con- 
glomerate in the middle-grade zone—notably, Black Mountain, Sugar- 
loaf, and The Hogsback (PI. 4, fig. 2). Superficially, the rocks do not 
differ greatly from those in the low-grade zone, but small quantities of 
garnet, muscovite, biotite, staurolite, and kyanite appear in the matrix 
in place of chlorite and sericite. Moreover, the rocks are coarser, with 
the quartz from 0.2 to 3.0 millimeters, and the platy minerals averaging 
0.2 millimeter. The pebbles tend to merge with the groundmass, so that 
pseudo-quartzites develop from quartz conglomerates. On Black Moun- 
tain, quartz-mica schists, rich in biotite and muscovite, are common. 

Magnetite and hematite are locally abundant, especially a few hun- 
dred feet northwest of Lake Constance, where, in places, they constitute 
10 to 20 per cent of the rock. On Black Mountain there are numerous flat 
shear-planes, covered with small tourmaline crystals. 
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Ficure 1. Ourcrop NEAR SALMON HoLe ScHooL 

Pencil, 6 inches long. Surface of exposure slopes toward observer at angle of 30 degrees, per- 

pendicular to bedding and schistosity, which dip away at an angle of 60 degrees. Apparent 

axis of greatest elongation in boulders is actually the intermediate axis; axis of greatest elonga- 
tion is directly down the dip of bedding and schistosity. 


Figure 2, ARTIFICIAL EXPOSURE 
Ifalf a mile northeast of Salmon Hole School. White 
streaks (on joint plane directly above hammer) are 
pebbles cut parallel to axis of greatest elongation. (Photo 
by J. B. Hadley) 


VOLCANIC CONGLOMERATE IN THE AMMONOOSUC FORMATION 
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Ficure 1. Stipe on Mr. CLoucH 
More northerly of two slides on east slope of Mt. Clough (Plate 12). Top of slide is 650 feet higher 
than camera. Sillimanite schists of the Littleton formation cut by pegmatite dikes and sills. Fossils 
were found about half way up the slide. Photographed July 15, 1933; probably formed, November, 
1927. (Photo by W. F. Jenks) 


Figure 2. SUGARLOAF MOUNTAIN AND THE HOGSBACK FROM THE WEST 
North end of Owls Head dome. Conspicuous outcrops are Clough conglomerate. Summit of Sugarloaf 
Mountain (conical peak, left) is 1300 feet above camera; The Hogsback (ridge, right) is 1600 feet 
above camera. Three sheets of Clough conglomerate on Sugarloaf Mountain: longest, most con- 
spicuous outcrop, dipping 32° N., middle sheet; upper sheet forms top of mountain; spruce trees 
cover much of lower sheet, which forms steep cliff seen in profile on south slope of mountain. Lowest 
sheet continuous with outcrops on The Hogsback and is part of roof of Owls Head dome; middle and 
upper sheets are thrust blocks driven southward. Clough conglomerate on The Hogsback dips 
35° E-NE. (Photo by J. B. Hadley) 


SCENES IN THE MOOSILAUKE AREA 
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Thickness ——The breadth of outcrop of the Clough conglomerate differs 
considerably from place to place. In the northwest corner of the Moosi- 
lauke quadrangle the breadth ranges from 0 to 400 feet within short dis- 
tances. In the belt that extends southwest from Franconia Village the 
breadth is relatively uniform as far south as the Wild Ammonoosuc River. 
On Black Mountain, however, the Clough has a breadth of half a mile, 
but 314 miles to the southwest the breadth is only 10 feet. These varia- 
tions are believed to be largely tectonic and to have little or no relation 
to the original thickness. One of the best places to measure the true 
thickness, however, is half a mile west of Pettyboro School; here, it has 
a thickness of 150 feet. It is believed that a similar thickness will explain 
the relations elsewhere. It is possible, however, that the great breadth 
on Black Mountain is, in part, due to an original thickness greater than 
150 feet. 


Age and Correlation —The Clough conglomerate directly underlies the 
Fitch formation, which carries middle Silurian fossils. Moreover, the 
two formations are closely related in age, for a few beds of quartz con- 
glomerate are found in the Fitch. The Clough conglomerate, however, 
is separated from the underlying strata by an unconformity. It is ap- 
parent that the formation is either middle or lower Silurian. In many 
respects the Clough is similar to the Shawangunk conglomerate of New 
York, although the former is thinner and purer. The Clough underlies 
fossiliferous middle Silurian, and the Shawangunk carries middle Silurian 
fossils in its upper part.'? The two are closely related, if not identical, 
in age. 

FITCH FORMATION 

Low-grade Zone——There are four belts of the Fitch formation, one 
in the low-grade zone and three in the middle-grade zone. 

The low-grade rocks are found northwest of the Ammonoosuc thrust 
and consist of (1) white and buff marble, (2) gray limestone and marble, 
(3) buff dolomitic slate, (4) buff to brown arenaceous dolomitic limestone 
(Pl. 9, fig. 2), (5) gray calcareous slate (“trilobite slate” of earlier 
writers), (6) white to gray arenaceous limestone and calcareous sandstone, 
(7) calcareous sandy slate, (8) gray, fine-grained, calcareous, arkosic con- 
glomerate, (9) gray impure quartzite, (10) white to gray arkose, (11) 
white quartz conglomerate with quartz pebbles 1 to 3 inches long, and 
(12) gray slate. The essential minerals are quartz, calcite, chlorite, seri- 
cite, and dolomite. Biotite (with one exception), actinolite, diopside, 
garnet, and intermediate and calcic plagioclase are absent. 

Three chemical analyses of dolomitic rocks are given in Table 19, 
columns 1,2, and 3. They were made in order to demonstrate the presence 


12C, K. and F. M. Swartz: Age of the Shawangunk conglomerate of eastern New York, Am. Jour. 
Sci., vol. 20 (1980) p. 467-474. 
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of impure dolomites in the low-grade zone, the metamorphism of which 
produces actinolite- and diopside-bearing rocks in the higher zones. Modes 
calculated from these analyses are given in Table 5, which also contains 
modes of other types found in the Fitch formation in the low-grade zone. 

In general, the thickness of the individual beds ranges from a fraction 
of an inch to several feet. The arkose, however, is massive, and, locally, 
is found in beds several scores of feet thick, which show no signs of strati- 
fication; these rocks are exposed on the top of Fitch Hill (1400 foot hill, 
1.4 miles N 67° E of Slate Ledge quarry) and in the doubly plunging 
syncline north of Littleton. 

The stratigraphic relations are in places confused by intrusive igneous 
rocks, such as the diorite near Fitch farm. The most troublesome of all 
the intrusives, however, are the soda-rhyolites around Parker Hill, 21%4 
miles northwest of Lisbon. In this area the Fitch is cut by numerous 
sills of soda-rhyolite, so abundant and so resistant that 95 per cent of the 
outcrops are of this rock. 

It is difficult to present an accurate section of the Fitch formation, for 
most of the beds are vertical, and it is impossible to ascertain the amount 
of repetition. The most satisfactory and complete section was measured 
half a mile east of Slate Ledge School, on the south side of the road, as 
follows: 


Formation Description Thickness (feet) 
3 
36 
Gray argillaceous limestone ....................... 35 
Gray calcareous slate; fossils .................... 15 
Gray limestone and arkose ....................... 5 
Argillaceous limestone (fossils) and yellow arena- 
ceous dolomitic limestone (Table 19, analysis 3).. 35 
Ammonoosuc Soda-rhyolite tuff with conspicuous quartz and 


Voleanics ...... feldspar grains 


F 
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The total thickness of the Fitch is, thus, between 390 and 490 feet, the 
exact figure depending on whether the 100-foot gap is included with the 
Fitch or with the Littleton formation. Another good section was meas- 
ured three-quarters of a mile southwest of Ogontz Lake, as follows: 


Formation Description Thickness (feet) 
Gray sandstone, slate, grit, and calcareous sandstone 35 
Buff dolomitic arenaceous slate .................. 170 
White sandstone and calcareous slate .............. 8 
Dark argillaceous limestone 17 
Buff dolomitic slate; argillaceous sandstone; and 


—Base of Fitch formation not exposed— 


Possibly there has been repetition here; the base of the formation is not 
exposed. This column totals 769 feet. A third section, measured 2%4 
miles north of Littleton, was as follows: 


Formation Description Thickness (feet) 
Calcareous slate and argillaceous limestone........ 150 


—fault contact ? — 
Highlandcroft......... granodiorite 


Here, there is a fault between the Fitch formation and the underlying 
Highlandcroft granodiorite. This column totals 300 feet. 


Middle-grade Zone——The middle-grade rocks of the Fitch formation 
lie southeast of the Ammonoosuc thrust. The marble, arkose, and cal- 
careous sandstone are very similar, both mineralogically and texturally, 
to those in the lower zone. Other rocks have changed considerably, not- 
ably those that had chlorite, sericite, and dolomite in the low-grade zone. 
Such new minerals as biotite, muscovite, actinolite, diopside, and labra- 
dorite appear, and the resulting rocks bear little resemblance to their 
predecessors. 

In this zone the Fitch formation consists of (1) cream-colored and 
buff marble; (2) white to light-green diopside-actinolite granulite, with 
little or no schistosity (Pl. 9, figs. 3 and 4); (3) green actinolite-calcite 
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schist, which varies from schistose to weakly schistose; (4) purplish- 
brown actinolite-biotite schist, in which the actinolite is grouped into 
greenish knots, 2 to 10 millimeters in diameter; (5) black biotite-horn- 
blende schist, with hornblende porphyroblasts up to 4 millimeters long; 
(6) purplish-brown biotite-calcite schist; (7) white to arenaceous mar- 
ble; (8) white to gray calcareous sandstone; (9) buff, massive quartzite; 
(10) gray arkose; (11) mica schist; and (12) black biotite-anorthite 
schist. 

The actinolite is dark-green and is seen both as isolated porphyro- 
blasts, up to 3 millimeters long (PI. 9, figs. 3 and 4), and in rosettes, some 
of which are 10 millimeters in diameter. Optical data indicate that it is 
80 per cent CaMg,Si,O,. and 20 per cent CaFe,Si,O,.. The diopside is 
in light-green, irregular, equidimensional grains, 0.3 to 10 millimeters 
across (PI. 9, figs. 3 and 4). Optical data indicate that it is 80 per cent 
diopside and 20 per cent hedenbergite. Diopside has not been observed 
in that belt of the Fitch formation that follows the Ammonoosuc River, 
and its most northwesterly appearance is in the Northey Hill area. Most 
of the plagioclase in these rocks is labradorite and in some instances is as 
calcic as anorthite. 

A chemical analysis of one of the diopside-actinolite granulites is given 
in Table 19, column 4. Modes are given in Table 5. 


Comparison of Different Metamorphic Zones.—In Table 6 the various 
types of the Fitch formation in the low-grade and middle-grade zones 
have been listed, and those derived from the same original sediment are 
given in the same horizontal line; the theoretical original rock is also 
shown. These correlations are based chiefly on similarities in chemical 
composition and in structure (p. 499). 


Thickness—In the paragraphs describing the Fitch formation in the 
low-grade zone, three measured sections were given, the thickness ranging 
from 300 to 770 feet. For the lowest figure, part of the formation is 
missing. As an approximation, the Fitch formation is between 400 and 
700 feet thick. 


Age and Correlation—Arthur B. Cleaves and the writer, in the paper 
on the paleontology of the Littleton area, have discussed the paleontology 
of the Fitch formation and have shown that it is of middle Silurian age, 
being the equivalent of the Niagaran of New York State. The fossil 
localities northwest of the Ammonoosuc thrust are discussed in detail in 
that paper. Southeast of the Ammonoosuc thrust, fossils have been 
found at two localities. In a marble, 2300 feet S 40° E from North Lisbon 
School, there are crinoid columnals and calyces, and the chain coral Haly- 
sites. In the vicinity of Northey Hill, crinoid columnals were found in a 
marble. 
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Taste 5.—Fitch formation 
m 
Groundmass 
g 
: 
ZONE z 
Low-grade: 
Dolomitic slate;* plagioclase =albite.......... 33) 22) 11] 7] 11] 16] tr 
A dolomitic limestone*............. 51) 8} 1) 5]...]...] 35}.. 
A dolomitic limestone* (Pl. 9, fig. 2).]]...]| 52} 23] 6]...] 6] 
2} 12 21) 47] 14] 4]...]...]. 1} tr]...| te}. 
Cal 1} 30} 45} 10] 10). 
Fine-grained calcareous arkosic conglomerate; 
potash feldspar =microperthite............ 1} 25) 45) 2/...] 28].. 
Impure quartzite; potash feldspar =microcline.} 1}...| 65) 20)...| 15}.. 
Arkose; plagioclase =albite-oligoclase; potash 

Gray slate........ LLL 1j...| 42) 25] 17]...] 5}.. te] 2] 2) te 
Middle-grade: 

Actinolite-biotite schist; plagioclase =labra- i 

Black biotite-hornblende schist; plagioclase = 

Quartz-diopside-actinolite granulite; plagio- 

Quartz-diopside-actinolite granulite; plagio- 

clase 1j...| 60].. 10} 10}.. 

Diopside-actinolite granulite; plagioclase =lab- 

radorite (Pl. 0, Gig. 10] 10}.. 
Actinolite-calcite 1) 43) 9)... tr 
Actinolite-calcite schist; plagioclase =labra- 

Biotite-calcite schist; plagioclase =labradorite..]} 1) 15} 30}. . 33}... 20}.. 
Arenaceous 1} 60} 35). . 2}.. 
Calcareous 1} 30} 53}.. 7\. Are 
Biotite-anorthite schist ; plagioclase = anorthite 


* Calculated from chemical analysis in Table 19. 
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Taste 5.—Fitch formation 


Groundmass 


TEXTURE 


Hornblende 


No. of THIN SECTIONS 
Muscovite 
Actinolite 


Limonite 
Magnetite 
Leucoxene 
Tourmaline 


arble.... 

gioclase =albite..........]. 
limestone* (Pl. 9, fig. 2) .}. 


Z2Q AQ 


Q 


granulite; plagioclase =lab- 


2Q Qa 


hist ; plagioclase = anorthite 


nan 


tr 


chemical analysis in Table 19. G =Granoblastic. 8 =Schistose. 
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DEVONIAN STRATA 
LITTLETON FORMATION 


Low-grade Zone.—The Littleton formation is well developed in all three 
metamorphic zones—one area in the low-grade zone, two in the middle- 
grade zone, and one in the high-grade zone. 

The low-grade rocks are found northwest of the Ammonoosuc thrust, 
and are dominantly sedimentary—chiefly slate and sandstone—with sub- 
ordinate volcanics, such as volcanic conglomerate, tuff, breccia (all of 
soda-rhyolitic composition), and greenstone. The chief minerals are 


Taste 6.—Equivalency of lithologic types of Fitch formation in the low-grade and 
middle-grade zones 


Low-grade zone 


Middle-grade zone 


Marble 


White, buff, and gray limestone 
and marble 


Dolomitic shale Dolomitic slate Actinolite-biotite schist 
Black biotite-hornblende schist 
Arenaceous dolomite (Not observed) Diopside-actinolite granulite 
Dolomitic sandstone (Not observed) Quartz-diopside-actinolite granulite 
Arenaceous limestone Arenaceous marble Arenaceous marble 
Arenaceous dolomitic limestone Arenaceous dolomitic limestone Actinolite-calcite schist 
Calcareous sandstone Calcareous sandstone Calecareous sandstone or quarts- 
calcite schist 
Calcareous, arenaceous shale Calcareous, arenaceous slate Biotite-anorthite schist i 
Calcareous shale Calcareous slate Biotite-calcite schist i 
Fine-grained calcareous arkosic Fine-grained calcareous arkosic (Not observed) 
conglomerate conglomerate 
Argillaceous sandstone Impure quartzite (Not observed) 
Sandstone (Not observed) Quartzite 
Arkose Arkose Arkose 
Quartz conglomerate Quartz conglomerate (Not observed) 


Slate Mica schist 


quartz, sericite, chlorite, and albite; there is no hornblende (with the ex- 
ception of actinolitic amphibole in some of the basic volcanics), biotite, 
garnet, staurolite, sillimanite, or intermediate to calcic plagioclase. In | 
many localities, cleavage is more conspicuous than bedding. 4 

A measured section of the Littleton formation in the vicinity of Slate 
Ledge showed the following: 


Formation Description Thickness (feet) 
Interbedded black slate and gray sandstone........ 3000+ . 

Gray sandstone, black argillaceous sandstone, some 
Greenstone (altered basalt) 90 
: Soda-rhyolite volcanic conglomerate .............. 450 
Porphyritic greenstone (andesite flow?)............ 160 
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|| 
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A second section, measured 2 miles west-northwest of Lisbon, was as 
follows: 


Formation Description Thickness (feet) 
Gray sandstone and black slate ................... 4000+ 

A Soda-rhyolite tuff and breccia .................... 300 


The slates are typically black to bluish black, fine-grained, and fissile. 
A chemical analysis is given in Table 19, column 5, and the mode cal- 
culated from it is in Table 7. The arenaceous slates are black to pur- 
plish-black, fine-grained, and are characteristically less fissile than are 
the slates. They include sedimentary rocks with 60 to 80 per cent quartz; 
a mode is given in Table 7. The slaty sandstones and sandstones include 
sediments with more than 80 per cent quartz, are medium-grained, and 
non-fissile; modes are given in Table 7. . 

The volcanic member extends from Slate Ledge to Pettyboro School, and 
is continuous except for a mile in the vicinity of Clough Hill School, where 
it is cut out by a thrust fault. Northeast of Slate Ledge the volcanic rocks 
pinch out. The variation in lithology within the voleanic member along 
the strike is conspicuous. 


The porphyritic greenstone in the vicinity of Slate Ledge (more northwesterly of 
two belts marked Dic on the map) has a rather massive, dark-green groundmass 
and albite phenocrysts, 2 to 7 millimeters long. Probably, it was originally a flow 
of porphyritic andesite. The soda-rhyolite volcanic conglomerate (Dlvc) contains 
well-rounded boulders, which average 4 inches in diameter, although many are larger 
and the maximum is 21 inches. Most of the boulders are white soda-rhyolite with 
phenocrysts of albite, 1 to 2.5 millimeters long; more complete data are given in 
Table 8. One of the boulders showed spherulites 2 millimeters in diameter (PI. 10, 
fig. 1); a chemical analysis of this boulder is given in Table 19, column 7, and the 
mineral composition calculated from it is in Table 8. Rarer boulders are also listed 
in Table 8. The matrix of the conglomerate is black slate or argillaceous sandstone 
in some places; in others, it is a mixture of albite, quartz, sericite, and chlorite. A 
little biotite has been noted in both the boulders and the matrix, suggesting that 
physical conditions during metamorphism approached middle-grade conditions. 

The upper greenstone (Dic) is ophitic. A chemical analysis is given in Table 19, 
column 10, and the mode calculated from it is given in Table 8. The chemical 
analysis and the ophitic texture indicate that the original rock was a basalt, but, 
apparently, water, carbon dioxide, and soda have been introduced, and lime has 
been removed. 

West of Mormon Hill, a greenstone, 300 feet thick, forms the base of the volcanic 
member. This rock is greenish, fine-grained, and massive to schistose, with a few 
feldspar phenocrysts, 1 to 3 millimeters long. Although the map shows several hun- 
dred feet of overlying slate, there are several small bodies of greenstone too small 
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to show. Above the slate is a soda-trachyte (Dir), which is 160 feet thick at maxi- 
mum, but pinches out to the northeast. It is aphanitic, greenish gray, with pipe- 
like vesicles as much as 5 millimeters wide and 20 millimeters long. The mode is 
given in Table 8. 

An excellent section of the volcanic member, a mile south of Mormon Hill (Parker 
Hill locality) begins at the base with a greenish gray schistose greenstone, 200 feet 
thick, probably a tuff. It is overlain by 180 feet of slate and, in turn, by 270 feet 
of thin-bedded soda-rhyolite tuff and breccia. Modes are given in Table 8. 

A mile east of the summit of Walker Mountain, there is a small area of soda- 
rhyolite voleanic conglomerate, not essentially different from that in the Slate Ledge 
locality. It is a small slice caught along the Ammonoosuc thrust (p. 526). 


Middle-grade Zone.—Middle-grade types of the Littleton formation are 
found between the Ammonoosuc thrust and the area of Bethlehem gneiss, 
which extends through Mt. Clough and Cole Hill. The rocks differ from 
those found in the low-grade zone, chiefly in the presence of such new 
minerals as biotite, garnet, staurolite, and, in the basic volcanics, alumi- 
nous hornblende and andesine. 

Both sedimentary and volcanic rocks are present. The former include 
biotite schist, garnet schist, biotite-garnet schist, biotite-garnet-staurolite 
schist, biotite-quartz schist, and quartz-biotite schist. The volcanic rocks 
include soda-rhyolite volcanic conglomerate, fine-grained biotite gneiss, 
and amphibolite. Schistosity is generally pronounced, but, in some local- 
ities, bedding may be observed. 

A measured section along the Gale River, just above Barrett, was as 
follows: 

Formation Description Thickness (feet) 
fQuartz-biotite schist, biotite-quartz schist, 

biotite schist, garnet schist, biotite-garnet 

schist, biotite-garnet-staurolite schist; 
staurolite crystals are not over one inch 
long; the biotite, garnet, and staurolite 
are partly chloritized. 
Amphibolite volcanic conglomerate ............... 40 
Aphanitic amphibolite, some with pillow structure.. 163 
Fine-grained biotite gneiss ....................... 3 
Littleton.......... 4 Aphanitic amphibolite 3 
Fine-grained biotite gneiss........................ 36 
Soda-rhyolite volcanic conglomerate .............. 60 
Aphanitic porphyritic amphibolite ................ 126 
Fine-grained biotite gneiss ....................... 3 
Aphanitic amphibolite with pillow structure........ 178 
Fine-grained biotite gneiss 32 
Soda-rhyolite volcanic conglomerate .............. 57 
| Black mica schist, poorly exposed.................. 415 
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Taste 8—Volcanic rocks in the Littleton formation 


ZONE 


No. of THIN SECTIONS 


Albite 
| Quartz 


Groundmass 


| Quartz-feldspar 
Sericite 
Chlorite 
Calcite 
Rutile 
Leucoxene 
Biotite 


Actinolitic amphibole 


Zircon 
Apatite 
Epidote 


Pyrite 


Alkali feldspar 


Spherulites 
Limonite 
Ilmenite 
Andesine 

| Muscovite 


| Hornblende 
| Magnetite 


Low-grade: 
Porphyritic greenstone, Slate Ledge local- 
ity; plagioclase phenoc: py Ans. 
Most common type of pebble from soda- 
rhyolite volcanic conglomerate, Slate} 
ze ows plagioclase pheno-| 
Spherulltie Abbie from soda-rhyolite vol-| 
eanic conglomerate, Slate Ledge local- 
ity*; plagioclase = Ans (Pl. 10, fig. 1). 
Less common type of pebble from soda- 
rhyolite volcanic conglomerate, Slate! 
Ledge locality; plagioclase pheno- 
Very rare type of pebble from soda- 
rhyolite volcanic conglomerate, Slate’ 
Ledge locality; plagioclase pheno-| 
Greenstone from Slate Ledge locality*; 
plagioclase =Abss AnuOrs ........... 


Greenstone, Mormon Hill locality; 


plagioclase =Ans................... 

Soda-trachyte, Mormon Hill locality; 

Greenstone, Parker Hill area; plagio-' 

Soda-rhyolite tuff; Parker Hill area..... 

Intrusive soda-rhyolite, Parker Hill area. 

Middle-grade: 

Most common type of pebble from soda- 
rhyolite volcanic conglomerate, 
River; plagioclase phenocrysts =Ans. . 

Dense soda-rhyolite from soda-rh lite 

voleanic conglomerate, Gale River; 
plagioclase phenocrysts =Anio ....... 

Biotite-rich soda-rhyolite pebble from 
soda-rhyolite volcanic conglomerate, 
Gale River; 

Pebble of medium-grained granite from 

volcanic conglomerate, 
ver; plagioclase phenocrysts] 

Mata. of volcanic con- 
glomerate, Gale River............... 

lava, Gale River (PI. 10, 


Amphibolite lava, Gale River*; “ ande- 


Fine-grained biotite gneiss with 


grains of blue to mi 7 quartz, south-] 
r 


west of Salmon Hole Brook.......... 
Fine-grained biotite gneiss breccia, south- 
west of Salmon Hole Brook; plagio- 
southwest of Salmon 
Am hiboliteb Ja southwest of Salmon 
Chloritized am southwest of Sal- 
Hole Brook; plagioclase=oligo-} 
Amphibolite tuff, upper mem-| 
ber, ‘of orthey Hill....... 
ritised hiboli 
bridge over Tunnel Brook........... 
Light-colored amphibolite, upper high- 
way bridge over Tunnel Brook....... 
rock, upper highway 
ge over Tunnel Broo 
Fine-grained biotite gneiss, upper high- 
way Brook index of 
Am hibolit, ry 70 hill, 3.2 miles south 
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* Calculated from chemical analysis in Table 19. 


G—Granoblastic. 


O—Ophitic. 


P—Porphyritic. 
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Taste 8.—Volcanic rocks in the Littleton formation 


No. of THIN SECTIONS 


Groundmass 


Leucoxene 


| Spherulites 
| Limonite 
| Ilmenite 


bne, Slate Ledge local- 
henoc: =Ans. 
of pebble from soda- 
Slate} 
ioclase pheno-| 


‘om vol- 
te, Slate Ledge local-} 
Ans (Pl. 10, fig. 1). 


of pebble from soda-| 


Slate 
plagioclase pheno-} 


pebble from soda-} 
conglomerate, Slate; 
plagioclase pheno-| 


Blate Ledge locality*; 
AnuOrs 
Hill 


(Parker Hill area 
lite, Parker Hill area. 


of pebble from soda-| 
conglomerate, Gale 
e phenocrysts =Ans. . 


e from soda-rh: lite} 


e gneiss brecci 
fiole Brook; ‘plagio- 


olite, southwest of Sal- 
slagioc! 


1 


Andesine 


| Hornblende 


Magnetite 


| Ohgoclase 


Microcline 


Grain Size 
(mm.) 


Orthoclase 
TEXTURE 


Oligoclase 


“Pheno- 
crysts’ 


-04-1.00 


-10-1.00 
-10-1.00 
-10-0.50 


-02-0.30 
-10-3.00 


hemical analysis in Table 19. 


G—Granoblastic. 


O—Ophitic. 


P—Porphyritic. 


Po—Poikiloblastic. 


8 Schis tose. 


T—Trachytic. 


— crained granite from 32] 2}. 6/10]. J0.01-0.04 |1.00-5.00 
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The figure of 1000 feet for the uppermost schists represents ‘only the 
measured section, for outcrops continue upstream for an additional mile. 
There is some repetition due to folding. 


Staurolite, one of the most striking minerals in the middle-grade zone, is best seen 
on a barren hill three-quarters of a mile due west of the summit of Garnet Hill. The 
staurolite commonly is found as diversely oriented porphyroblasts 1 to 10 centi- 
meters long. The crystals are generally euhedral and are bounded by the unit prism 
and the side pinacoid; terminal faces were not found. Twinned crystals are fairly 
common, particularly those that cross at 60 degrees, the twin plane being (232); 
in a few places, six-pointed twins were seen. A few rectangular crosses, twinned on 
(132) have been observed. The staurolite is generally relatively free from foreign 
inclusions, but, in places, it encloses large quantities of other minerals. 

Forty years ago, Penfield* collected material from the Garnet Hill locality and 
made the analysis given in Table 19, column 21. Inasmuch as optical data were 
not obtained at that time, they have been determined, and, as they are uniform 
for the whole area, they may be applied to the analysed material as follows: 
a= 1.739, 6 = 1.744, y= 1.750; optically positive; 2V=close to 90°; dispersion 
strong, r > v; X = pale yellow, Y = yellowish brown, Z = reddish brown. X<Y<Z. 

The garnets are euhedral, showing dodecahedrons and trapezohedrons, and are 
from 0.5 to 2 millimeters in diameter. The index of refraction is constant, six deter- 
minations from different parts of the middle-grade zone giving readings of 1.805- 
1.806; the specific gravity is 4.21+0.05. According to Larsen and Berman,” this 
indicates almandite, with a small amount of spessartite and pyrope in solid solution. 
These data check, moreover, with those given by Modell” for an analysed garnet 
from the Belknap area in central New Hampshire (Table 19, column 22). Most of 
the garnets are free from foreign inclusions, but some surround other minerals poiki- 
litically. 

The biotite porphyroblasts are 0.2 to 1 millimeter across and have a diverse orienta- 
tion. A little chloritoid has been noted. 

The groundmass of the quartz-poor schists (less than 60 per cent quartz) is aphani- 
tic and black to gray. In general, it becomes lighter toward the southeast, pre- 
sumably owing to an increase in the intensity of metamorphic conditions and to the 
elimination of carbonaceous material. 

In some localities, particularly in the belt extending from Streeter Pond to Pearl 
Lake Brook, the garnet or staurolite is partially or completely replaced by chlorite, 
apparently penninite. It forms a shell around a core of the original mineral (PI. 10, 
fig. 2) or completely replaces it. This chloritization is due to retrograde metamor- 
phism, and is discussed more fully on page 552. 

Mica-quartz schists have 60 to 80 per cent quartz; garnet is the only mineral pres- 
ent as porphyroblasts. The rocks with more than 80 per cent quartz are referred 
to as quartz-mica schists, and few carry any porphyroblasts. More complete data 
on the sedimentary rocks are given in Table 7. 


138, L. Penfield and J. H. Pratt: On the chemical ition of staurolite, and the regular 


arrangement of its carb , Am. Jour. Sci., vol. 47 (1894) p. 81-89. 

14. S. Larsen and Harry Berman: The microscopic determination of the nonopaque minerals, 2nd 
ed., U. S. Geol. Survey, Bull. 848 (1934). 

%5 David Modell: Ring-dike compler of the Belknap Mountains, New Hampshire, Geol. Soc. Am., 
Bull., vol. 47 (1936) p. 1891. 
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Between the Ammonoosuc and the Northey Hill thrusts there are two 
volcanic members, a lower one extending from 3 miles south of Littleton 
to a mile southwest of Landaff, and an upper one extending from the Gale 
River to Salmon Hole Brook. The details of the lower member, where 
exposed along the Gale River, are given on page 490; soda-rhyolite vol- 
canic conglomerate, amphibolite volcanic conglomerate, amphibolite, and 
fine-grained biotite gneiss are present. 


The pebbles of the soda-rhyolite volcanic conglomerate are round to subangular 
and range from a fraction of an inch up to 8 inches. Boulders of porphyritic soda- 
rhyolite are most common, and show white, euhedral feldspar phenocrysts, 1 to 3 
millimeters long, set in a fine-grained, light-gray groundmass containing small flakes 
of biotite. There are also boulders and pebbles of white, aphanitic soda-rhyolite, 
biotite-rich soda-rhyolite, and medium-grained soda-granite. The matrix of the 
conglomerate is massive to weakly schistose and is composed of alkali feldspar, 
quartz, and biotite. Modes of the boulders and matrix are given in Table 8. 

The amphibolites (Pl. 10, fig. 3) along the Gale River are massive to schistose, 
aphanitic, green rocks, with a few feldspar phenocrysts 1 to 2 millimeters long. Pil- 
lows a foot or so in diameter are prominent. Modes are given in Table 8. The 
optical properties of the hornblende are as follows: biaxial negative; a = 1.642, 
B= 1658, y=1669; X=light yellow, Y=yellowish green, Z=bluish green; 
X<Y=Z;Z,c=19°, Y=b. These properties indicate similarity to the analysed 
aluminous hornblende in Table 19, column 20. A chemical analysis of an amphi- 
bolite showing pillow structure is listed in Table 19, column 11. Although it is 
basaltic, there has apparently been a loss of lime and an addition of soda. It is 
chemically similar in many respects to the greenstone near the top of the Slate 
Ledge section (p. 489). 

Northeast and southwest of the Gale River section, exposures of the lower volcanic 
member are poor. Southwest of Salmon Hole Brook, there are some exposures, with 
a variety of volcanic rocks, including: (1) white to gray, fine-grained, biotite gneiss 
with large grains of milky to bluish quartz; (2) fine-grained biotite gneiss breccias, 
in which the fragments are 1 to 5 centimeters across and are composed of (a) white 
soda-rhyolite with phenocrysts of albite-oligoclase, (b) aphanitic, granular soda- 
rhyolite, and (c) medium-grained soda-granite; (3) aphanitic soda-rhyolite; (4) 
amphibolite breccia; and (5) amphibolite and chloritized amphibolite. The chlorite 
is believed to represent retrograde effects. Modes are given in Table 8. 

The upper voleanic member, exposed half a mile northwest of Northey Hill, is 
composed of stratified amphibolite tuffs and breccias. 


High-grade Zone—tThe Littleton formation, extending south-south- 
westward, from a point on the east side of the quadrangle, 4 miles south 
of Franconia Village, through Mt. Moosilauke, was metamorphosed under 
high-grade conditions. Rocks of both sedimentary and volcanic origin 
are present. Those of sedimentary origin differ from those of similar 
origin in the middle-grade zone in several respects: (1) The groundmass 
is coarser, the individual grains ranging from 0.2 to 0.3 millimeter—ten 
times as large as those in the groundmass of the middle zone. (2) The 
rocks are lighter-colored; this is partly due to the concentration of dark 
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constituents into definite bands and is also probably due to the loss of 
carbonaceous material. (3) Schistosity is less pronounced. (4) New 
minerals appear, notably sillimanite; andalusite has also been observed 
on the east side of the area. (5) Staurolite, although locally abundant, 
is found only as small grains, less than a millimeter long, in contrast to the 
large crystals of the middle-grade zone. 


Sillimanite is of particular interest, for it first appears in this part of the area and 
is an index to the katazone of the classification established by Grubenmann and 
Niggli2* It is generally found as porphyroblasts, 1 to 3 centimeters long and 3 to 
4 millimeters across, but it also forms sheaves of tiny needles, less than 1 millimeter 
long. The porphyroblasts have a diverse orientation. The sillimanite is commonly 
surrounded by a discontinuous brown shell, which microscopic study shows to consist 
of staurolite crystals, 0.02 to 0.03 millimeter long, associated with muscovite. All 
stages in the replacement of sillimanite may be observed, and, in many instances, 
aggregates of quartz, muscovite, and staurolite have completely replaced the original 
mineral. In some instances, the sillimanite has been replaced by muscovite alone. 

Garnet is found as small dodecahedrons, 0.5 to 2 millimeters across. As in the 
middle-grade zone, the index of refraction is constant and has the same value (1.806), 
indicating almandite. 

Chlorite is locally conspicuous as flakes, 0.1 to 1 millimeter across. In many in- 
stances, it is an alteration product of biotite and represents retrograde metamor- 
phism. 

Metamorphosed concretions, originally dolomitic, are ellipsoids, 6 inches to 2 feet 
long. They have a concentric structure; modes showing the composition of the 
interior and the outer shells are given in Table 7. 

The volcanic rocks of the Littleton formation formed in the high-grade zone do 
not differ greatly from those found in the middle-grade zone. Pyroxene has been 
observed in only a few localities in the metamorphosed basic igneous rocks. The 
chief volcanic rocks are amphibolite and fine-grained biotite gneiss. The belt of 
volcanic rocks extending northeastward from Wildwood is 1400 feet wide, but it 
includes some metamorphosed sediments; moreover, some amphibolites are found 
in the sediments southeast of the belt. Modes are given in Table 8. 


Comparison of Different Metamorphic Zones.—Table 9 shows the 
change with progressive metamorphism in the three zones. 


Thickness —Throughout much of the area the thickness of the Littleton 
formation cannot be determined. It is much thicker than the Clough 
conglomerate or the Fitch formation, for it has a much greater breadth 
of outcrop. West of Littleton, for example, the breadth of the Fitch is 
600 feet, whereas that of the Littleton is 7500 feet. This same general 
relation holds throughout the Littleton-Moosilauke area, and suggests 
that the Littleton formation is several thousand feet thick. West of Lit- 
tleton, on the nose of the Walker Mountain syncline, the structure is rela- 
tively simple, and a thickness of 4600 feet can be calculated; as the Lit- 
tleton is the youngest formation in the area, the top is nowhere exposed. 


16 U, Grubenmann and Paul Niggli: Die Gesteinsmetamorphose (1924) p. 398. 
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Age and Correlation —F ossils from the Littleton formation northwest of 
the Ammonoosuc thrust indicate that it is Oriskany (lower Devonian), 
and may be correlated with the Moose River sandstone of Maine, the 
Grand Gréve formation of Quebec, and the Oriskany formation of New 


Taste 9.—Equivalency of lithologic types of the Littleton formation in the 


three zones 
Low-grade zone Middle-grade zone* High-grade zone* 
Slate Biotite schist Garnet-biotite schist 
Garnet schist Garnet-biotite-staurolite schist 
Biotite-garnet schist Staurolite-biotite schist 
Biotite-garnet-staurolite schist Staurolite-sillimanite-biotite schist 
Mica schist Garnet-staurolite-sillimanite-bio- 
tite schist 
Mica schist 
Garnet-andalusite-biotite schist 
Arenaceous slate Mica-quartz schist, some with | Mica-quartz schist, some with 
garnet garnet 
Slaty sandstone Quartz-mica schist Quartz-mica schist 
(Not observed) (Not observed) Diopside-cli isit phibol 
concretions 


Soda-rhyolite volcanic conglom- | Soda-rhyolite volcanic conglom- | (Not observed) 
erate erate 


Soda-rhyolite tuff and breccia Fine-grained biotite gneiss (lo- | Fine-grained biotite gneiss 
cally with large grains of 


milky to bluish quartz) 
Dense soda-rhyolite Dense soda-rhyolite (Not observed) 
Soda-trachyte (Not observed) (Not observed) 
Greenstone Amphibolite, locally chloritized Amphibolite, locally chloritized 
Epidote-pyroxene rock 
(Not observed) Amphibolite tuff (Not observed) 
(Not observed) Amphibolite breccia (Not observed) 


* Chlorite is present in both these zones, but in general appears to be due to later retrograde meta- 
morphism or weathering. 


York. It should be noted, however, that the two localities from which the 
best collections were made lie about 2500 feet above the base of the forma- 
tion, and only the middle part of the Littleton has been shown to be Oris- 
kany. Poorly preserved brachiopods found near the base and the top 
of the formation are apparently similar to those from the best known 
localities and suggest that the whole formation is Oriskany. 
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A rather remarkable fossil locality in the belt of high-grade meta- 
morphism has been described elsewhere.’? Two brachiopods from the east 
slope of Mt. Clough have been identified as Brachiopod gen. et sp. ind. 
and Spirifer sp. ind. The former is found in one of the concretions 
described on page 493; the latter, in a fine-grained biotite-garnet-quartz 
schist. Their significance is discussed on page 498. 


PROOF OF CORRELATIONS ADOPTED 
GENERAL STATEMENT 

In the preceding sections, little attempt was made to prove the correla- 
tions adopted. What is the evidence, for example, that the mica schists 
containing biotite, garnet, and staurolite, extending from the southeast 
corner of the Littleton quadrangle to Landaff, and the schists containing 
biotite, garnet, sillimanite, and staurolite, extending through Mt. Moosi- 
lauke, are the stratigraphic equivalent of the slates and sandstones with 
Oriskany fossils in the northwestern part of the area? As the whole pic- 
ture of progressive metamorphism toward the southeast depends on these 
correlations, further discussion is necessary. 

The correlations are based on: (1) lithologic similarity of the rocks 
as they now appear or the inferred similarity of the original sediments 
and volcanics; (2) repetition of a six-fold stratigraphic column; and (3) 
paleontological data. 

LITHOLOGIC SIMILARITY OR ORIGINAL SIMILARITY 

Certain formations or parts of formations have the same general ap- 
pearance in different metamorphic zones. The Clough conglomerate is 
one example. In the area a mile northwest of Landaff and in the belt 
extending southwestward from Franconia, this formation is lithologically 
like that found northwest of the Ammonoosuc thrust, except that it is a 
little more recrystallized southeast of the thrust, and some of the minor 
minerals are different. This similarity in itself, of course, does not prove 
that they belong to the same stratigraphic unit. 

The similarity of the Fitch formation in all parts of the area, despite 
the appearance of biotite and other minerals southeast of the Ammonoosuc 
thrust, is so great that Hitchcock did not hesitate to assign the various 
belts to one formation—his “Lower Helderberg.’*® 

Early in the field work the writer noted that the quartzites and schists 
northwest of Bath are similar to the Albee formation on Gardner 
Mountain. 

A more subtle argument involves the inferred similarity of the original 
material. For example, one can scarcely say that amphibolites southeast 


17M. P. Billings and A. B. Cleaves: Brachiopods from mica schist, Mt. Clough, New Hampshire, 


Am. Jour. Sci., vol. 30 (1935) p. 530-536. 
13C. H. Hitchcock: Geology of New Hampshire, vol. 2 (1877) p. 325-842. 
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of the Ammonoosuc thrust are lithologically identical with chlorite- 
epidote schists northwest of the thrust. But the chemical composition is 
essentially the same, and one would infer that both were derived from 
initially similar material—in this case, basalt. Likewise, the soda- 
rhyolite tuff northwest of the thrust can scarcely be said to be litho- 
logically similar to the fine-grained biotite gneiss to the southeast, but 
they are chemically similar. 

One does not have to rely, however, on chemical composition alone. 
Many structural’® features recur in the different zones. The volcanic con- 
glomerates of the Ammonoosuc formation have the same general aspect in 
the field on opposite sides of the Ammonoosuc thrust. The biotite gneiss 
with blue quartz grains, found on the southeast side of the thrust, is 
structurally very similar to the soda-rhyolite tuff with blue quartz, found 
to the northwest. 

One, likewise, realizes that the original sediments, from which the 
schists of Mt. Moosilauke and Garnet Hill were derived, were chemically 
identical with the sediments from which the rocks of the Littleton forma- 
tion in the type locality were derived. The character of bedding in all 
three areas is also the same. 

Thus, chemical composition and structural features indicate that certain 
rocks, now mineralogically different, have been derived from the same 
kind of original material. 

The writer wishes to emphasize, however, that the correlations are not 
based on these data alone. 

REPETITION OF STRATIGRAPHIC SEQUENCE 


General Statement—The most compelling and, in the opinion of the 
writer, irrefutable argument for the correlations adopted is the repetition 
of a six-fold stratigraphic column; in terms of the original sediments, not 
only are the major units repeated, but most of the individual lithologic 
types within these units are repeated, and the thicknesses are similar. 


Between Ammonoosuc and Northey Hill Thrusts —Two miles southwest 
of Lisbon, for example, between the Ammonoosuc and the Northey Hill 
thrusts, there is the same sequence of stratigraphic units—if one thinks in 
terms of the original sediments—as that northwest of the Ammonoosue 
thrust. Just southeast of the Ammonoosuc thrust, quartzites and slates 
differ from the type Albee in having a few biotite porphyroblasts and an 
occasional garnet (Pl. 8, fig. 1). To the east of these quartzites and 
slates are schists, many of them conglomeratic, which differ from the type 
Ammonoosue volcanics in having hornblende porphyroblasts, garnet, and 


. Structure as used in this section refers “‘to the appearance of a heterogeneous rock in which the 


textures or composition of neighboring parts differ from one another” (Arthur Holmes: op. cit., 
p. 218), e.g., bedded structure, conglomeratic structure, fragmental structure. 
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biotite (Pl. 8, fig. 2); chemically and structurally, however, the rocks 
in the two areas are essentially identical. In the vicinity of Blue School, 
mica schist appears with biotite and garnet porphyroblasts. The original 
sediments, however, must have been like the mud from which the slates 
of the Partridge formation northwest of the Ammonoosuc thrust were 
derived. 

Farther east are quartz conglomerates similar to the Clough conglom- 
erate northwest of the thrust. Next, to the east, is a calcareous series, 
which, although it contains biotite and actinolite, was derived from the 
same kind of material as the Fitch formation in the type locality. 
Beyond, are mica schists, with biotite, staurolite, and garnet; such 
rocks were derived from sands and muds, as was the Littleton formation 
in the type locality. The volcanic member near the base is repeated, even 
to the details. 

Not only are the six major units repeated, but each of the many litho- 
logic types found within the major units on the northwest side of the 
Ammonoosuc thrust may be matched in the six-fold sequence directly 
south of the thrust. Such equivalencies as those shown in Tables 2, 4, 6, 
and 9 could scarcely be made if the six major units were not stratigraphic 
equivalents. 

The thicknesses of the six major units check reasonably well on opposite 
sides of the thrust. It is admittedly difficult to obtain accurate values 
for the thicknesses of the formations. But the breadth of outcrop of 
any unit is a function of several variables, including thickness, angle of 
dip, topography, and amount of repetition and elimination by folding 
and faulting. As the beds almost invariably dip steeply, differences due 
to dip and topography are eliminated. As the breadth of outcrop of 
each of the six units is essentially the same on opposite sides of the 
Ammonoosuc thrust, one is justified in concluding that the thicknesses 
are of the same magnitude. 

Some paleontological data are also available for this belt. In an out- 
crop 2300 feet S 40° E from North Lisbon School, on the southeast bank 
of the Ammonoosuc River, crinoid columnals and calyces and the chain 
coral Halysites were found in a buff marble. This marble lies in a group 
of strata that is correlated with the Fitch formation northwest of the 
Ammonoosuc thrust. The crinoids alone demonstrate that the marble 
cannot be older than Ordovician, and the Halysites indicates a Silurian 
or Devonian age. Moreover, as these particular kinds of fossils are 
common in the Fitch formation northwest of the thrust, they are 
thoroughly consistent with the correlations as given. 


Between Northey Hill Thrust and Bethlehem Gneiss of Cole Hill._— 
Between Northey Hill thrust and Bethlehem gneiss of Cole Hill the strati- 
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graphic column is again repeated. The anticlines are not sufficiently high 
to expose the Albee formation, and the Partridge formation is nowhere 
preserved, but the four-fold sequence of Ammonoosuc, Clough, Fitch, and 
Littleton is found. The thicknesses, moreover, check very well with those 
found northwest of the Ammonoosuc thrust. Crinoid columnals have 
been found in the Northey Hill area. 


Mt. Moosilauke Belt of Schists—The Moosilauke belt of schists pre- 
sents a more difficult problem in correlation. It has already been pointed 
out that these schists were formed from sediments similar to, if not 
identical ‘with, those from which the Littleton formation in the type 
locality was derived. In itself, this argument is by no means conclusive. 
A second argument for the correlation is based on structural ?° and strati- 
graphic grounds. As one climbs the west slope of Mt. Clough (see geo- 
logical map and structure section EE’, Mt. Moosilauke quadrangle) one 
passes over a great thickness of steeply dipping Ammonoosuc volcanics. 
At an elevation of 3200 feet, one reaches the Clough conglomerate, the 
bedding of which is essentially vertical. This indicates that, in going east, 
one is rising in the stratigraphy. Directly east of the Clough conglom- 
erate, however, there is an intrusion of Bethlehem gneiss. This obviously 
complicates the problem, but the evidence, such as it is, suggests that the 
schists of Mt. Moosilauke overlie the Clough conglomerate. 

There are, fortunately, paleontological data concerning the age of these 
schists. Billings and Cleaves have described two brachiopods found in 
the schists on the east slopes of Mt. Clough; one of these has been identi- 
fied as Spirifer sp. ind. These fossils, poorly preserved as they are, are 
very significant. They demonstrate conclusively that the mica schists of 
this belt cannot be pre-Cambrian. Taken by themselves, they indicate 
that the age of the strata in which they are found must lie within the range 
of the genus Spirifer—that is, from middle Silurian to Jurassic. Silurian, 
however, may be definitely eliminated, for the strata of this age in western 
New Hampshire, belonging to the Fitch formation, have a very different 
lithology. A Triassic or Jurassic age is impossible, for the Mesozoic 
sediments of New England are found as gently dipping, unmetamorphosed 
rocks of continental origin. A Carboniferous age may be eliminated, for 
the known Carboniferous of New England consists of non-marine, plant- 
bearing strata. A Devonian age, however, is very probable, for rocks of 
this age in western New Hampshire and in Maine are rich in brachiopods. 
The paleontology taken alone leads one to practically the same con- 
clusion as does the lithologic, stratigraphic, and structural data—namely, 
that the schists of Mt. Moosilauke are to be correlated with the Littleton 
formation in the type locality. 


20 Here used to refer to large structures, as folds, etc. 
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Equivalency of Lithologic Types—Tables 2, 4, 6, and 9 show how 
sediments that were originally similar have been changed in successive 
zones of metamorphism. Rocks are considered to have been originally 
similar if they fulfill the following requirements: (1) The chemical com- 
position must be the same, except that the content of water and carbon 
dioxide may vary; (2) the rocks should have the same structural features, 
such as conglomeratic character, pyroclastic appearance, similar type of 
bedding; (3) the rock should have the same general stratigraphic position 
and lithologic associations. 

For example, staurolite schist on Garnet Hill is said to have been de- 
rived from the same kind of sediments as the slate of Walker Mountain 
(Table 9). This conclusion is based on the fact that the rocks in the 
two areas (1) are chemically similar; (2) are interbedded with arenaceous 
rocks in beds 1 to 3 inches thick; and (3) both occupy the stratigraphic 
position of the Littleton formation. 

Biotite gneiss around Swiftwater is stated to have been derived from 
soda-rhyolite tuffs similar to those found near Slate Ledge School. This 
conclusion is based on: (1) chemical similarity; (2) structural features 
such as lack of bedding and presence of small, rounded quartz grains, 
several millimeters across; and (3) the fact that both occupy the strati- 
graphic position of the Ammonoosuc volcanics, and both are associated 
with rocks that, by criteria 1 and 2, are inferred to have been originally 
similar. 

PLUTONIC ROCKS 
HIGHLANDCROFT MAGMA SERIES 

General Statement.—The Highlandcroft magma series is represented 
in this area by the Highlandcroft granodiorite and small bodies of diorite, 
quartz diorite, and quartz monzonite. The Lost Nation quartz diorite of 
the Percy area, discussed by R. W. Chapman, and the Fairlee quartz 
monzonite of Mt. Cube quadrangle, discussed by Hadley, also belong to 
this series. 


Highlandcroft Granodiorite—The Highlandcroft granodiorite in the 
main body, 114 miles northwest of Littleton, is a greenish gray, medium- 
grained, granular rock, in which the individual grains average 2 to 3 milli- 
meters. In the fresh specimens, four minerals can be distinguished: 
plagioclase, microcline, hornblende, and quartz. The plagioclase is light- 
green and somewhat greasy-looking, and cleavage is not prominent. The 
microcline is white, glassy, well-cleaved, and generally shows Carlsbad 
twinning. The hornblende is black, with frayed borders, and the quartz 
is glassy to milky. In the more sheared varieties the rock is greenish 
gray, schistose, and the individual grains can be recognized only with 
difficulty. Locally, there is a gneissic structure. 
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Microscopic study shows that the plagioclase is a saussuritic inter- 
growth of albite-oligoclase, epidote, sericite, and a little calcite. The 
saussurite represents an intermediate plagioclase, probably andesine. The 
microcline is characteristically euhedral and surprisingly fresh. Optical 
data indicate that the amphibole is common hornblende. The quartz is 
anhedral, as interstitial grains between the feldspars, and even in the most 
massive material shows strain shadows. “Green biotite”—that is, a biotite 
that is pleochroic in shades of green, but has a birefringence of about 
0.030—is seen as small flakes through the rock and particularly in aggre- 
gates as incomplete shells around the hornblende. Its origin is discussed 
on page 553. An average mode is given in Table 10, and, from it, one may 
infer that the original rock had approximately the following composition: 
quartz, 15 per cent; andesine, 46 per cent; microcline, 22 per cent; horn- 


blende, 17 per cent. 


In the small body west of Pattenville the rocks of the Highlandcroft magma series 
have been reduced to mylonite schists. They are greenish gray, greasy-looking, and 
individual minerals cannot be readily recognized. Microscopic study shows a cata- 
clastic texture: the quartz shows pronounced strain shadows; the twin lamellae of 
the albite are bent; and granulation is common. Some of the quartz and albite are 
in micropegmatitic intergrowths. An approximate mode is given in Table 10, and 
from it we infer that the original rock was quartz diorite, with 55 per cent oligo- 
clase, 30 per cent quartz, 13 per cent hornblende, and 2 per cent magnetite. 

The two small bodies at the southwest end of Wheeler Hill are meta-diorites. 
From the mode, given in Table 10, it is inferred that the original rock was a diorite, 
composed of 70 per cent andesine, 25 per cent hornblende, and 5 per cent acces- 
sories. 

About half a mile east of the summit of Walker Mountain, a quartz monzonite 
facies of the Highlandcroft granodiorite is exposed. It is relatively coarse-grained, 
with fresh, white, glassy microcline crystals, 5 to 10 millimeters long; the quartz 
grains are considerably smaller and are milky. Tiny flakes of chlorite collect to 
form flat lenses. Although the rock is cut by a few irregular shear planes, in gen- 
eral it is massive. Microscopic study (Pl. 11, fig. 3) shows strain shadows in the 
quartz and small faults in the plagioclase. An approximate mode is given in 
Table 10, and from it the original composition is inferred as being microcline 39 
per cent, quartz 34 per cent, oligoclase 22 per cent, biotite 5 per cent. The myloni- 
tization of this rock along the Ammonoosuc thrust is described on page 527. 

Lahee™ has shown that the Highlandcroft granodiorite—the “Fitch Hill granite 
gneiss” as he called it—is vounger than the Ammonoosuc voleanics (his “Lyman 
schists”) but older than the Fitch formation (his “Niagaran”). Although the rela- 
tions of the Highlandcroft magma series to the Partridge formation and the Clough 
conglomerate are unknown from field observations, there can be little doubt that the 
intrusion preceded the uplift that caused the unconformity at the base of the 
Clough conglomerate (p. 517). The Highlandcroft magma series is, therefore, con- 
sidered to be pre-Silurian, and probably late Ordovician, for, as has been shown 
on page 475, the Albee, the Ammonoosuc, and the Partridge formations are prob- 
ably upper Ordovician. 


21F. H. Lahee: Geology of the new fossiliferous horizon and underlying rocks in Littleton, New 
Hampshire, Am. Jour. Sci., vol. 36 (1913) p. 231-250. 
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Taste 10.—Plutonic rocks 


Rock specimens 2 
3 
=< mir = 
Highlandcroft magma series: 
Highlandcroft granodiorite from the main body............. 2 
Highlandcroft granodiorite, quartz diorite facies, from stock 
Highlandcroft granodiorite, diorite facies, southwest end of 
Highlandcroft granodiorite, quartz monzonite facies, one-half 
mile east of summit of Walker Mountain................. 1 
Plutonic rocks of New Hampshire magma series: 
Moulton diorite; plagioclase 6 
Bethlehem gneiss, near Gilmanton School, Littleton quad- 
Bethlehem gneiss, 1.65 miles S 38° E of Swiftwater, Moosilauke 
quadrangle*; plagioclase 
Bethlehem gneiss, from village of Easton*; plagioclase = Ansz. .|... . 
Kinsman quartz monzonite, non-porphyritic type; plagioclase 
Kinsman quartz monzonite, porphyritic type (Meredith 
Granite of Walker Brook; plagioclase =Ang................. 3 
Remick tonalite; plagioclase 5 
Sugar Hill quartz m< ite; plagioclase =Ang.............. 1 
French Pond granite, coarse phase; plagioclase =Ang........ 4 
French Pond granite, gray medium-grained phase; plagioclase 
French Pond granite, pink medium-grained phase; plagioclase 
French Pond granite, aplite phase; plagioclase =Any......... 1 
Pond Hill granite; plagioclase =Ans...............0eeeeee0> 2 
Moody Ledge granite; plagioclase =Ami.................++- 4 
Scrag granite; plagioclase 6 
Landaff granite: 


* Calculated from chemical analysis in Table 19. 
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Taste 10.—Plutonic rocks 


Mode 


Rock specimens 


No. of THIN SECTIONS 


Albite-oligoclase 


Epidote 


Sericite 
Hornblende 


Calcite 

| “Green biotite” 
Leucoxene 
Apatite 
Chlorite 
Magnetite 
Albite 


Quartz 
Microcline 


Oligoclase 


Oligoclase-andesine 


Potash feldspar 


Biotite 


Muscovite 


Carbonate 


Pyroxene 
Rutile 


Iimenite 
Pyrite 


Sphene 


Garnet 
Zircon 
| J Hastingsite 


\ Common hornblende 
| Chloritized biotite 


series: 
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OLIVERIAN MAGMA SERIES 


Owls Head Granite.—The Oliverian magma series is represented in this 
area only by the Owls Head granite, but other units appear in the Rum- 
ney, Mt. Cube, and Mascoma quadrangles. 

In addition to the main body of the Owls Head granite, there are many 
sills in the overlying Ammonoosuc volcanics. These relations are shown 
to a limited extent on the geological map, but it is impossible to show 
all the details. Moreover, the contact cannot be located with precision, 


TaBLe 11—Modes of the Owls Head granite 


Average Calculated from chemical analysis 
9 thin sections (Table 19, column 12) 


Microperthite, orthoclase, and microcline 49 51.7 


Quarts 30 30.0 
Oligoclase-andesine (Anjo) 13.0 


Biotite (partially chloritized) 4.4 


Muscovite 0.0 


Magnetite 0.7 


Titanite 0.2 


for it is impossible to decide whether certain outcrops should be considered 
to be the main body full of inclusions, or Ammonoosuc volcanics thor- 
oughly injected by sills. 

In the hand specimen, the Owls Head granite is typically pink, medium- 
grained, slightly gneissic, and locally subporphyritic. Pink crystals of 
potash feldspar with Carlsbad twinning are set in a slightly finer ground- 
mass. In some instances, these phenocrysts are 5 to 10 millimeters long, 
but, more commonly, they are 3 to 5 millimeters, and so closely approach 
the groundmass in size that a porphyritic texture is scarcely discernible. 
The rest of the rock is a granular aggregate of smoky quartz, white to 
pink potash feldspar, and biotite. The individual grains are from 1 to 3 
millimeters wide, but quartz in aggregates 5 millimeters across is com- 
mon. Octahedra of magnetite, 0.5 to 1 millimeter across, are readily 
recognized with the aid of the hand lens. The gneissic structure of the 
Owls Head granite is generally noticeable only in the outermost parts 
of the body, within a mile or less of the boundaries, but a vague foliation 
may be observed elsewhere. 


Under the microscope the Owls Head granite has a hypidiomorphic granular, sub- 
porphyritic texture, tending to granoblastic and cataclastic. The essential minerals 
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are potash feldspar (microcline, orthoclase, and microperthite), quartz, oligoclase- 
andesine (Ang), and biotite, with such accessories as muscovite, magnetite, sphene, 
apatite, epidote, and pyrite. The plagioclase of the microperthite is also oligoclase- 
andesine. The quartz commonly shows strain shadows and some aggregates suggest 
larger grains, which have been broken into smaller particles. The biotite is more 
or less chloritized. 

The mode, representing the average of nine thin sections, is given in volume per 
cent in Table 11. In a second column is the weight per cent as calculated from the 
chemical analysis (Table 19, column 12). In addition to the 13 per cent of oligo- 
clase-andesine in discrete grains, 9 per cent is in perthitic lamellae and patches in 
the microperthite. Chemical analysis also indicates that the potash feldspar must 
carry considerable albite in solid solution, the calculated composition being Ore:Abss. 

Locally, particularly near the contacts, a fine-grained phase has been observed. 
The grain size is 0.1 to 1 millimeter, the most typical being 0.5 millimeter. This 
phase is not a marginal phase in the ordinary sense, for it is found sporadically 
through the more typical granite near the contact. This material may in part repre- 
sent chilled marginal phases, which later became incorporated as inclusions in the 
main granite. Some, however, seems to be partially reworked rocks of the Ammo- 
noosuc volcanics. 


The Owls Head granite is younger than the Ammonoosuc volcanics, 
for sills of the former intrude the latter. Moreover, inasmuch as the 
intrusion of the granite domed the surrounding Silurian and Devonian 
sediments, the Owls Head granite is younger than the lower Devonian. 
According to Carleton Chapman, the Oliverian magma series intrudes 
the Clough conglomerate on Moose Mountain in the Mascoma quad- 
rangle. Furthermore, the Owls Head is believed to be older than the fold- 
ing, because it would be impossible to produce the simple structural rela- 
tions if the granite had been intruded into sediments already thrown into 
closed folds (p. 535). 


NEW HAMPSHIRE MAGMA SERIES 


General Statement—The New Hampshire magma series is represented 
in the Littleton-Moosilauke area by the Moulton diorite, Bethlehem 
gneiss, Kinsman quartz monzonite, Remick tonalite, Sugar Hill quartz 
monzonite, French Pond granite, Moody Ledge granite, Pond Hill granite, 
and Scrag granite. The relative ages of these units have not been 
determined with complete satisfaction, for in few places are they in 
contact with one another. The ages as listed on the geological map are 
based chiefly on the amount and character of the shearing, granulation, 
and foliation. 


Moulton Diorite—The Moulton diorite forms only small bodies. Some 
of the areas shown on the map may really be closely spaced dikes and 
sills, rather than continuous masses. As some of them cut the Littleton 
formation, the Moulton diorite is younger than the lower Devonian. 

In the hand specimen the Moulton diorite varies considerably in texture 
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and grain size, but four groups may be established. One is dark-green, 
hypidiomorphic granular, with the individual minerals 2 to 4 millimeters 
across. Some specimens are uniformly colored, and the minerals are diffi- 
cult to distinguish, but in others the feldspars are lighter-colored than the 
femic minerals. A second variety is ophitic, with grains 2 to 4 millimeters 


Taste 12—Moulton Diorite 


Percentage of Modes 
GRAIN SIZE 
= (mm.) 
Specimen locality 3 
-| © 
Moulton Hill........... 60 | 20 | 10 2 1 2 5 
Two-thirds of a mile 
north of Youngs Pond..} 35 | 5 | 10 | 27 3] 15]....] 5 ]....] H 2.0-4.0 ].......... 
One and one-half miles 
Moulton Hill........... 30 | 15 | 17 | 22 3 3 |. -| 10 |....] P 9 0.1-0.5 | 1.0-3.0 
Two-thirds of a mile 
north of Youngs Pond../....| 60 | 30 5 1.02.0 
Two-thirds of a mile 
north of Youngs Pond..| 10 | 65 | 15 |....]....] 5 ]....]....] 3 
C—Coarse H—Hypidiomorphic O—Ophitic P—Porphyroblastic 


across. A third group is greenish gray, with large hornblende crystals, 1 
to 3 millimeters long, set in a dense groundmass. A fourth variety is 
coarse-grained, with large rectangular crystals of black hornblende, 3 to 8 
millimeters long in a finer, granular, white groundmass of feldspar. 


Microscopic study shows that practically all the minerals are secondary. The 
chief constituents are albite (Ans), hornblende, epidote, clinozoisite, chlorite, carbo- 
nate, and sericite; quartz, biotite, ilmenite, and sphene are of minor importance. 

The albite is in subhedral, tabular grains, flattened perpendicular to the b crystallo- 
graphic axis. It encloses other minerals poikilitically. In some specimens, albite 
twinning is conspicuous; in others, rare. The albite is pseudomorphic after labra- 
dorite, for in some instances the ophitic texture typical of diabase is preserved. 
The amphibole is probably a hornblende low in alumina, for it has the following 
optical properties: o = 1.630-1.640, 8 = 1.643-1.654, y = 1653-1662; X = colorless, 
Y = very light yellowish green, Z = light yellowish green; X << Y<Z; Z,xc= 18°. 
In some specimens, it is in large porphyroblasts, but grains as small as the ground- 
mass are found. Epidote and clinozoisite are found as small granules, but, generally, 
they are not found in the same specimen. Chlorite is represented by both penninite 
and ripidolite, the former giving abnormal blue birefringence colors, the latter giving 
a dirty brown birefringence. In one of the coarser varieties, a few grains of pyrox- 
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ene, apparently one of the original minerals, were found as cores in the hornblende 
crystals. The biotite is pleochroic in greens and greenish brown. 

The mineral composition of the Moulton diorite is so variable that it is inadvis- 
able to give only an average mode. Modes for the four varieties are given in Table 
12; an average of these is given in Table 10. 


Bethlehem Gneiss—The Bethlehem gneiss was named by C. H. Hitch- 
cock,?* but in the present paper the term is used in a somewhat different 
sense than it was by him. On Plates 1 and 12, this unit is called the 
Bethlehem granodiorite gneiss, but it is now proposed to drop the term 
granodiorite, as the unit is more of a structural type, and ranges in 
composition from granite to quartz diorite. There are three bodies in 
the Littleton-Moosilauke area, one in the southeast corner of the Littleton 
quadrangle, and two in the Moosilauke quadrangle. 

Megascopically, the Bethlehem gneiss is generally light-gray, but, 
locally, it is green, and in the southeast corner of the Littleton quadrangle 
much of it is flesh-colored. The most conspicuous minerals are feldspar, 
quartz, biotite, and muscovite. The feldspar is generally white, but it is 
also green or pink; the quartz is smoky to milky. Biotite constitutes 
20 to 25 per cent of the rock. Epidote is abundant in the southeast corner 
of the Littleton quadrangle. 

The rock is well foliated in many places. In general, the foliation is 
best developed near contacts and may be absent near the center of the 
bodies; but there are numerous exceptions to this rule. A large area of 
the massive, non-foliated phase is found southwest of Cooley Hill. Near 
some of the contacts, however, the foliation is so pronounced that the rock 
breaks into sheets of almost paper thinness. As a rule, the foliation is 
parallel to the contacts, both in plan and in section, and dips steeply; 
details may be obtained by reference to Plates 1 and 12. 

Linear parallelism is apparent in many localities, especially where the 
foliation is conspicuous. The linear structure is shown by aggregates of 
biotite, strung out like beads on a string. In general, this structure dips 
steeply to the southwest; for a more detailed discussion, see page 537. 

The first impression is that the average grain size is 3 to 5 millimeters, 
but closer scrutiny shows that many of the larger units are actually 
aggregates of many small, sub-rounded grains, 0.1 to 0.5 millimeter in 
diameter (Pl. 11, figs. 1 and 2). The texture is fine-grained granular. 
Conspicuous phenocrysts are rare, but some, one centimeter long, have 
been noted in a few localities; such rocks vaguely suggest augen gneisses. 
Closer study reveals irregular feldspar crystals larger than the rest in 
many specimens; microscopic study shows that they are potash feldspar. 

Inclusions of mica schist, more or less granitized, are widespread in the 


2 C. H. Hitchcock: Geology of New Hampshire, vol. 2 (1877) p. 104-111. 
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Bethlehem gneiss, but are not particularly abundant. They are relatively 
thin, slab-like, and lie parallel to the foliation. In some instances, where 
foliation is apparently absent, the inclusions lie parallel to one another. 
Their long dimensions range from 1 to 5 feet; the short dimension is only 
a few inches. Owing to the nature of the exposures, it is impossible to 
state whether the inclusions are circular discs or ellipsoids. 


The microscope (PI. 11, figs. 1 and 2) shows that the Bethlehem gneiss is composed 
of the following essential minerals: oligoclase-andesine, quartz, potash feldspar, and 
biotite. Minor accessories are muscovite, apatite, magnetite, zircon, epidote, and 
pyrite. The texture is typically granoblastic, with a pronounced tendency to mortar 
and cataclastic textures, and, locally, augen structure. Strain shadows are con- 
spicuous. 

The plagioclase in unaltered material ranges from calcic oligoclase (Ans) to 
andesine (Anw). Generally, it is in grains 0.6 to 1 millimeter in diameter, but it 
is also found as irregular veins and patches in potash feldspar. Albite and Carlsbad 
twinning are common; pericline twinning is rarer. The borders are usually wavy 
and irregular, owing to the granoblastic texture. 

Potash feldspar is found both as augen-like phenocrysts and in the groundmass. 
The phenocrysts are most conspicuous in the Green Mountain body. They are com- 
monly 2 to 3 millimeters long, and crystals up to 1 centimeter have been observed. 
They show the cross-hatching typical of microcline and have undulatory extinction, 
due to strain. Orthoclase and microcline, in grains averaging 1 millimeter, and 
ranging from 0.5 to 15 millimeters, are also in the groundmass. 

Quartz is found in several habits. One is in lens-shaped aggregates, 10 millimeters 
by 03 millimeter, composed of 50 to 100 independently oriented individuals, which 
have granoblastic boundaries and commonly show strain shadows. Each of these 
lenses probably represents an original grain, more or less equidimensional, which has 
been rolled out and granulated during deformation. Quartz is also in small, round 
grains associated with similarly shaped feldspar grains in the groundmass. It is 
also found as round grains enclosed poikilitically in the augen of potash feldspar. 

Biotite, the only important dark mineral, forms lens-shaped aggregates of many 
small flakes. The lenses may be more than 1 centimeter long, but the individual 
flakes average only 0.2 to 03 millimeter. The long dimension of the flakes tends to 
be parallel to the lens. Generally, some quartz and potash feldspar are associated 
with the biotite. Lone biotite flakes in the groundmass are not uncommon. 

Muscovite, likewise, is often found in clots. As a rule, the individual flakes are 
smaller than those in the biotite, ranging from 0.03 to 03 millimeter. Zircon is 
present both as subhedral and as euhedral grains. Apatite is in irregular grains. 
Pyrite, magnetite, and sphene are generally subhedral. 

It is difficult to determine the relative amounts of potash feldspar and plagioclase 
in the Bethlehem gneiss; the former is rather conspicuous, but in many cases the 
latter is so fine-grained and its indices are so close to those of quartz that it is im- 
possible to determine with precision the relative amounts. In the southeastern 
part of the Littleton quadrangle, potash feldspar is distinctly dominant over plagio- 
clase, and the rock is a granite close to quartz monzonite. Moreover, the plagio- 
clase is less calcic than elsewhere, being oligoclase (Ans). The presence of consider- 
able epidote suggests that the original plagioclase may have been oligoclase-andesine, 
which has broken down into oligoclase and epidote. In the northwestern part of 
this body the two feldspars are more nearly equal in amount. In the body extend- 
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ing southwestward from Landaff the potash feldspar and plagioclase are in equal 
amounts; microscopic study suggests that potash feldspar is more abundant, but a 
calculation from the chemical analysis indicated that plagioclase was more common. 
The rock in this body is best classed as a quartz monzonite. The body that extends 
through Easton and Mt. Clough is even more calcic. The plagioclase is usually 
dominant, and the rock is a quartz monzonite or a granodiorite. In the vicinity 
of Mt. Clough, potash feldspar is rare or lacking, and the rock is quartz diorite. 

As modes determined entirely by microscopic methods are not satisfactory, three 
modes have been calculated from the chemical analyses, using some microscopic data, 
however, as a guide. These modes are given in Table 10. 

Three chemical analyses, one for each of the three bodies, are given in Table 19, 
columns 13, 14, and 15. 

Local mylonitized zones are found in the Bethlehem gneiss. Microscopic study 
shows that the twin lamellae of the plagioclase are twisted and faulted and that the 
quartz is greatly strained. 


The Bethlehem gneiss is younger than the lower Devonian. This is 
apparent from its distribution, for, in different parts of the area, it is in 
contact with the Albee, the Ammonoosuc, the Partridge, the Clough, the 
Fitch, and the Littleton formations. Moreover, sills of Bethlehem gneiss 
cut the Littleton formation, as, for instance, at a point 114 miles north- 
west of East Haverhill. South of Easton and on the west slopes of Mt. 
Moosilauke, sills of the gneiss cut the Littleton formation. On page 537 
the argument will be set forth that the Bethlehem gneiss was contempo- 
raneous with the orogeny. As it is not yet certain whether this was 
Acadian or Appalachian, one can merely state that the Bethlehem 
gneiss is late Devonian or Carboniferous, although the writer favors the 
former designation. 


Kinsman Quartz Monzonite——The Kinsman quartz monzonite occupies 
the southeast corner of the Moosilauke quadrangle, but this is only a small 
part of a much larger body. 

In the hand specimen (PI. 6) the Kinsman quartz monzonite is white to 
gray, medium-grained, and locally porphyritic or gneissic. White, tabular 
phenocrysts of potash feldspar, showing Carlsbad twins, are conspicuous in 
places. The maximum length, 3 to 5 centimeters, is parallel to the ¢ axis; 
the minimum dimension, 1 to 2 centimeters, is parallel to the b axis. These 
phenocrysts are variable in quantity. Over large areas, they are absent or 
rare, but, elsewhere, they constitute 10 per cent of the rock, and, in rare 
cases, 15 or 20 per cent. The relative abundance does not seem to be 
systematic and bears no relation to the proximity of the contacts. In 
other parts of New Hampshire, this porphyritic phase of the Kinsman has 
been called the “Meredith granite”. Locally, the phenocrysts are parallel 
to one another. 

The groundmass is composed of feldspar, quartz, biotite, and muscovite. 
The texture is essentially granular, and the individual minerals range 
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from 1 to 2 millimeters across. Foliation is not conspicuous, but, in 
places, there is a crude parallelism of biotite flakes, and in a few in- 
stances the foliation is as pronounced as in the Bethlehem gneiss. Linear 
parallelism is rare. Inclusions are present and are usually thin discs 
of mica schist, 1 to 3 feet in maximum dimension, oriented parallel to one 
another. The inclusions, foliation, and phenocrysts are generally parallel 
to each other and to the walls of the body. The “foliation” shown on the 
geological map may be any one or two or even all three of these features. 


Microscopically, the Kinsman quartz monzonite has a hypidiomorphic granular 
texture, with strong granoblastic, and locally schistose, features, but cataclastic tex- 
tures are rare. The large phenocrysts are orthoclase and microperthite, the lamellae 
in the latter case being oligoclase. The groundmass is chiefly plagioclase, quartz, 
biotite, orthoclase, and muscovite, with such minor accessories as apatite, pyrite, 
magnetite, ilmenite, sphene, and zircon. The plagioclase, in subhedral grains, ranges 
from oligoclase to andesine (An» to Ans). Albite twinning is conspicuous, and 
there is commonly a weak zoning in which the core is 5 per cent more calcic than 
is the periphery. The quartz is in large grains, somewhat granulated and showing 
strain shadows; as interstitial grains; and in myrmekitic intergrowth with plagio- 
clase. The potash feldspar of the groundmass is generally orthoclase, with some 
perthitic lamellae of oligoclase, but microcline is also found. The potash feldspar 
constitutes up to 30 per cent of the whole rock. Apatite is the most conspicuous 
of the minor constituents. The mineral composition of the non-porphyritic type, 
based on 12 thin sections, is given in Table 10, and a mode for the porphyritic type, 
calculated from the chemical analysis, is also given. Two chemical analyses, one 
of the non-porphyritic type, the other of the porphyritic or “Meredith” facies, are 
given in Table 19, columns 16 and 17. 

The Kinsman quartz monzonite is intrusive into the lower Devonian. 
These relations may be seen on Black Brook, at an altitude of between 
1700 to 1800 feet, where several sill-like masses of the Kinsman, some 
only a few feet wide, others as much as 150 feet wide, cut the Littleton 
formation. Along the highway for a mile north of Beaver Pond, in Kins- 
man Notch, pegmatite dikes and sills related to the Kinsman quartz 
monzonite cut the Littleton formation. Locally, dikes and sills of the 
Kinsman itself cut the schists, and there are inclusions of schist in the 
Kinsman. 

Small granite bodies cut the Kinsman quartz monzonite, but, as few of 
them are more than a few hundred feet across, they have not been shown 
on the geological map. They are white to gray, binary granites, low in 
biotite; the texture varies from hypidiomorphic granular to trachytic or 
even to a texture resembling ophitic. (Granite of Walker Brook, Ta- 
ble 10.) 

Remick Tonalite—The typical Remick tonalite is a gray, granular 


rock. Aggregates of biotite, from 1 to 4 millimeters, are set in a white 
to greenish gray groundmass, composed of feldspar and quartz 0.3 to 1 
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millimeter in diameter. Locally, the quartz and feldspar may be larger. 

Microscopic study shows a hypidiomorphic granular texture with gran- 
oblastic and poikiloblastic tendencies. The essential minerals are oligo- 
clase, quartz, and biotite (more or less chloritized), with such accessories 
as epidote, hornblende, magnetite, sphene, and traces of pyrite, zircon, 
and garnet. The oligoclase is in subhedral grains, 0.1 to 1.5 millimeters 
across; it is somewhat peppered by small patches of quartz and biotite. 
In different specimens the plagioclase ranges from Anjo to An22, and the 
average is An,,. Much of the quartz is in aggregates, with the individual 
grains 0.05 to 0.4 millimeter across. The biotite, some of which is chlori- 
tized, is also in aggregates, the individual flakes being 0.05 to 0.4 milli- 
meter in size. The epidote is in swarms of tiny, euhedral crystals, 0.01 to 
0.03 millimeter long. It is somewhat variable in amount and seems to re- 
sult from the breakdown of more calcic plagioclase. Hornblende was 
observed in only one specimen. The mode is in Table 10, and the chemi- 
cal analysis in Table 19, column 18. 

Both bodies of Remick tonalite are bounded on the northwest by the 
Ammonoosuc thrust. In proximity to the fault the tonalite becomes more 
and more sheared and gradually gives way to a finer-grained and greatly 
silicified material (p. 528). Thin sections from near the thrust show 
pronounced granulation and strain shadows in the quartz. The Remick 
tonalite is, therefore, older than the Ammonoosuc thrust. The age relative 
to the surrounding sediments is unknown from direct observation, but its 
distribution on the map indicates that it is younger than the Albee and 
the Ammonoosuc formations. As it is consanguineous with the Bethlehem 
gneiss and Kinsman quartz monzonite, it is considered to belong to the 
New Hampshire magma series and to be younger than lower Devonian. 


Sugar Hill Quartz Monzonite——The Sugar Hill quartz monzonite is a 
white to flesh-colored, medium-grained rock with granitic texture, and, 
locally, a fair foliation. The chief minerals are feldspar, quartz, and 
biotite, and tiny octahedra of magnetite. 

Under the microscope the texture is hypidiomorphic granular, with 
granoblastic tendencies. The essential minerals are quartz, oligoclase, 
potash feldspar (orthoclase, microcline, and microperthite), and biotite; 
accessories are magnetite, sphene, pyrite, zircon, and apatite. The grain 
size varies from 0.2 to 1 millimeter. There is little granulation or strain. 
The mode is given in Table 10. 

Dikes of the Sugar Hill quartz monzonite cut the Ammonoosuc volcanics, 
and inclusions of the volcanics are found in the quartz monzonite. 


French Pond Granite—Only half the stock of French Pond granite, 
large parts of which are covered by glacial drift, is in the Littleton-Moosi- 
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lauke area, the rest lying in the Woodsville quadrangle. The complex 
assemblage of rocks in this stock is classified into four groups: (1) 
coarse to porphyritic biotite granite, separately designated on the geo- 
logical map (2) medium-grained, pink, biotite granite; (3) medium- 
grained, gray, biotite granite; and (4) aplite, particularly abundant in 
the surrounding country rock. 


The northern part of the body consists of coarse to porphyritic granite. In the 
porphyritic variety the phenocrysts are one or more centimeters long; locally, they 
are so abundant as to suppress the groundmass entirely, producing the coarse- 
grained type. The dark mineral is biotite, generally altered to chlorite. Micro- 
scopically, the rock has a hypidiomorphic granular texture. A mode is given in 
Table 10. 

The gray, medium-grained granite is found at the south end of Pond Ledge. 
Biotite is conspicuous. The texture is hypidiomorphic granular, with a grain size 
of 0.4 to 05 millimeter. A mode is given in Table 10. 

The pink, medium-grained granite is typically exposed on the north end of Pond 
Ledge. It is hypidiomorphic granular, with a porphyritic tendency. The feldspar 
phenocrysts reach a maximum of 6.5 millimeters and comprise 20 per cent of the 
rock. The average grain size of the groundmass is 0.5 to 06 millimeter. The mode 
is given in Table 10. In addition, there are traces of apatite, chlorite, magnetite, 
and zircon. 

The aplites are fine-grained, pink, hypidiomorphic granular rocks with the following 
composition: microcline and orthoclase, 45 per cent; albite-oligoclase, 20 per cent; 
quartz, 30 per cent; muscovite, 5 per cent; and a trace of pyrite. The grain size is 
03 to 0.9 millimeter. The aplites cut the rocks within the stock and also the sur- 
rounding country rocks. 

Within the French Pond stock, a reasonably accurate sequence can be established. 
The porphyritic and coarse phase is older than the others, for it is cut by them. 
The relative ages of the gray and pink, medium-grained phases could not be estab- 
lished. Sills and dikes of the French Pond granite cut the Albee and the Am- 
monoosuc formations. 

The mineralogy indicates that the French Pond granite is co-magmatic with the 
Bethlehem gneiss and the Kinsman quartz monzonite and, hence, part of the New 
Hampshire magma series. The whole stock, including that part in the adjacent 
Woodsville quadrangle, is essentially circular, and is not a long, narrow body like 
the masses of Bethlehem gneiss. It is believed, therefore, that the French Pond 
granite is younger than the main folding (p. 538). 


Moody Ledge Granite——The exact boundaries of the Moody Ledge 
granite are difficult to delimit, because: (1) Numerous apophyses of the 
Moody Ledge granite intrude the surrounding rocks, and, although the 
granite in the center of the mass is relatively uniform, near the borders 
Ammonoosuc volcanics are intimately associated with granite. It is 
difficult to decide whether many of the outcrops should be interpreted as 
Ammonoosuc volcanics injected by granite or as granite full of xenoliths. 
(2) Locally, the Ammonoosuc volcanics have been soaked by the Moody 
Ledge granite, as, for example, 100 feet downstream from the Woodsville 
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Reservoir on the Wild Ammonoosuc River. (3) In the southern body 
the exposures are poor. 

The Moody Ledge granite is a white to flesh-colored, fine-grained, mas- 
sive granite. The essential minerals are feldspar and quartz, with small 
amounts of biotite and magnetite. 


Microscopic study shows a hypidiomorphic granular texture, with a grain size of 
03 to 3 millimeters. The rock is composed of potash feldspar (mainly microcline), 
quartz, sodic oligoclase, biotite (somewhat chloritized), magnetite, and sphene. Ac- 
cessories include muscovite, zircon, apatite, and ilmenite. The mode is given in 
Table 10. 

One phase of the Moody Ledge granite is so low in biotite that it is an alaskite, 
and a second phase is an aplite. Locally, the granite is banded. 


Pond Hill Granite—The Pond Hill granite is shown on the map as 
exposed half a mile northwest of the village of Landaff, but there are 
also small sills extending for three-quarters of a mile southwest of the 
mapped body. The Pond Hill granite is a medium-fine, gray granite, with 
a grain size up to 0.5 millimeter. It is spotted with small black flakes of 
biotite, locally aligned to give a crude foliation. In most specimens the 
quartz and feldspar are distinguished from one another with difficulty, 
but in others the distinct amber color of the quartz makes it easy to 
recognize. 

Under the microscope, this rock shows a hypidiomorphic granular texture. The 
essential minerals are microcline, albite (Ans), quartz, biotite, and muscovite; minor 
accessories are apatite and zircon. The grain size is 0.1 to 0.5 millimeter. Some of 
the microcline has small perthite lamellae, and the quartz has strain shadows. Aggre- 
gates of biotite are 0.5 to 15 millimeters long, but the individual flakes are only 
0.1 to 02 millimeter. Muscovite has a tendency to form in aggregates. A mode 
is given in Table 10. 


Scrag Granite—The Scrag granite is a medium-coarse, flesh-colored 
granite. Characteristically, it has subhedral crystals of microcline, 3 to 7 
millimeters long, and round, equally large, milky crystals of quartz, set 
in a 1 millimeter groundmass. The larger grains are so abundant, how- 
ever, that one does not readily detect the smaller grains. A few small 
biotite flakes, 0.3 to 0.5 millimeter across, dot the specimen. 


Microscopic study shows that the texture is hypidiomorphic granular with poikilitic 
tendencies. The essential minerals are microcline (with a little microperthite), albite 
(Abs), quartz, biotite, muscovite, and smaller quantities of garnet, zircon, magnetite, 
and ilmenite. Some of the microcline has undulatory extinction. The albite shows 
the common lamellar twinning, and encloses poikilitically many flakes of sericite. 
The quartz shows pronounced strain shadows and, in some cases, is in aggregates of 
20 grains or more. The whole aggregate is roughly oval-shaped, but the individual 
members are irregular and have sutured borders. Each aggregate apparently repre- 
sents an individual that has been granulated. Some of the biotite has been chlori- 
tized. The mode is given in Table 10; a chemical analysis is given in Table 19, 
column 19. The rock is a typical granite, high in potash and soda and low in lime. 
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On the west side of Scrag Hill, in the southeast corner of the Littleton 
quadrangle, an inclusion of Bethlehem gneiss was obtained from the Scrag 
granite. In the vicinity of Gilmanton School, small tongues of the Scrag 
granite cut the Bethlehem gneiss. 

WHITE MOUNTAIN MAGMA SERIES 

Landaff Granite—The Landaff granite is fine-grained and massive, 
with no foliation. Locally, it is rather blotchy, and one gets the im- 
pression in the field that these differences are, in large part, due to re- 
worked inclusions. The rock is pink to gray; in many instances, spotted 
by needles of amphibole with diverse orientation. Some of the amphibole 
needles attain a length of several millimeters, but the quartz and feld- 
spar individuals of the groundmass are less than a millimeter across. 
There are small octahedra of magnetite and green patches of epidote. In 
some phases the dark minerals are nearly absent, and the rock is an alas- 
kite. 

Microscopic study shows that the Landaff granite is composed dominantly of sodic 
oligoclase and quartz, with lesser amounts of microperthite, antiperthite, microcline, 
and orthoclase. Accessories include hastingsite, common hornblende, chloritized 
biotite, epidote, sphene, magnetite, and apatite. Generally, the texture is equi- 
granular sutured, but it is also hypidiomorphic granular. In general, the grain size 
is 0.1 to 0.5 millimeter, but some specimens have oligoclase phenocrysts 3 to 6 milli- 
meters long. The composition of the groundmass feldspar differs considerably in 
different specimens. In some, oligoclase (An to Anis) is the only feldspar, but, in 
others, orthoclase or microcline are found as discrete grains, as the host in micro- 
perthite, or as lamellae in antiperthite. In some cases, microperthite and antiper- 
thite are the sole feldspars present. Some of the amphibole has the following optical 
properties: a= 1699, 8 = 1.713, y= 1.717; 2V=about 50°; dispersion, medium; 
Y=b, Z,c=25°; X =light-yellow, Y = olive-green, Z = bluish green; Z>Y>X. 
These properties are very similar to those of the chemically analysed hastingsite from 
Jackson Fall, New Hampshire.” 

The average mode, based on nine thin sections, is given in Table 10, together with 
the range in mineral composition. 

The presence of hastingsite suggests that the Landaff granite should be assigned 
to the White Mountain magma series. On the other hand, there are certain features 
of the Landaff granite that are not entirely compatible with such a grouping: (1) 
texturally, it is unlike any of the hastingsite granites found elsewhere in the White 
Mountain magma series; (2) epidote, which averages 2 per cent, and locally be- 
comes as much as 10 per cent in the Landaff granite, is rare in the — White 
Mountain magma series. 

DIKES AND SILLS 
GENERAL STATEMENT 


The many dikes and sills may be classified as: (1) soda-rhyolite dikes 
and sills, presumably contemporaneous with the lower Devonian volcan- 
ism; (2) basic dikes and sills older than the regional metamorphism; and 
(3) dikes and sills younger than the regional metamorphism. 


%3 Marland Billings: Petrology of the North Conway quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts Sci., Pr., vol. 63 (1928) p. 109-110. 


| 
| 


512 M. P. BILLINGS—LITTLETON-MOOSILAUKE AREA 


SODA-RHYOLITE DIKES AND SILLS 


Soda-rhyolite dikes and sills in any abundance are confined to the 
Moosilauke quadrangle and are shown on Plate 12 by a special symbol. 
As they cut the Ammonoosuc, Clough, Fitch, and Littleton formation, 
but are not found above the lower volcanic horizon of the Littleton 
formation, it is inferred that they were contemporaneous with that period 
of volcanism. 

In the low-grade zone, the soda-rhyolite dikes and sills are aphanitic, 
buff to dark-gray rocks, for which a mode is given in Table 8. For many, 
it is impossible to prove structural relations, owing to the lack of favorable 
outcrops. Wherever this is possible, however, many of the soda-rhyolites 
are found to be cross-cutting. The soda-rhyolite sills and dikes in the 
middle-grade zone differ from those in the low-grade zone only in the 
presence of small flakes of biotite. 


BASIC DIKES AND SILLS OLDER THAN THE METAMORPHISM 


Low-grade Zone.—Basic dikes and sills older than the metamorphism 
are locally abundant, and a special pattern has been employed on the 
geological maps to show where they are most common. They are found 
as steeply dipping dikes, which range in width from 2 to 100 feet and strike 
about 10 degrees farther into the east than do the associated sediments. 
They are somewhat schistose, fine-grained to coarse-grained greenstones. 


A few specimens have feldspar phenocrysts 0.5 to 5 millimeters long, which, like 
the groundmass feldspar, average Ano and range from Ane to Anu. About two-thirds 
of the specimens have ankerite porphyroblasts, 0.5 to 1.5 millimeters in diameter; — 
they are pink or light-brown when fresh, but become weathered to a chocolate-brown 
limonite. Optical data indicate that the composition is 21 per cent FeCOs, 28 per 
cent MgCOs, and 51 per cent CaCO;. In Winchell’s classification, the chlorite is 
diabantite. 

The mode, based on 15 thin sections, is given in Table 13. According to texture 
and grain size, the following three groups may be established: (1) very fine-grained 
(0.05 millimeter), (2) coarse-grained (0.4 millimeter), and (3) porphyritic (ground- 
mass 0.05 millimeter, phenocrysts 0.5 millimeter). The texture is generally the 
mosaic type, but in two specimens there is a suggestion of ophitic texture. 

Assuming that there has been no important chemical changes during metamor- 
phism, other than the addition of carbon dioxide and water, these rocks were origi- 
nally of diabasic composition. 


Middle-grade and High-grade Zones—Amphibolite dikes and sills cut 
all the formations found in these zones, and a special pattern has been used 
on the geological maps to show where they are most common. The finer- 
grained varieties are dark-gray to black, but the coarser varieties are 
spotted white and black, as the individual minerals may be distinguished. 
Most cf the specimens are massive, and only about a third show schis- 
tosity, which is invariably weak. 
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TaBLe 13.—Modes of pre-metamorphism basic dikes 


Mode 
ZONE 3 8 
8 
Low-grade: 
Average..... 34.6 | 25.7 | 21.7] 9.1] 3.0] 2.9] 1.3] 0.8] 0.2] 0.3] 0.3] 0.1 
Range...... 10-63 |10-65 | 0-40 | 0-35 | 0-10 | 0-10 | 0-10 | 0-10} 0-2] 0-5] 0-5] 0-1 
Mode 
ZONE 
~ 
3 
@ Biégia|é a | 
Middle-grade: 
Average..... 50.1] 35.5] 6.0] 3.8] 1.0] 1.0] 0.9] 0.4] 0.9] 0.3] 0.1]...... 
Range...... 25-75 |17-56 | 0-25 | 0-16 | 0-15 | 0-20] 0-5] 0-5] 0-5] 0-2]...... 


There are a few phenocrysts of plagioclase 1 to 2 millimeters long, but most 
of this mineral is in the groundmass (PI. 10, fig. 4). It varies, in different specimens, 
from oligoclase to andesine, but averages Ans; it is untwinned as a rule, and, as 
its indices are very close to those of quartz, the two are difficult to distinguish. 
The quartz and feldspar form a mosaic of interlocking grains, 0.05 to 0.2 millimeter 
across, and some are even 3.0 millimeters across. 

The hornblende crystals are generally unoriented. They average 1 to 2 millimeters 
long, and some are as much as 4.5 millimeters. The optical properties are very 
similar throughout the group, and for the hornblende, which was analyzed chem- 
ically (Table 19, column 20), are: a = 1.654, 8 = 1.667, and y = 1.676; negative; 
Zac = 19°, Y = b, X = Y is yellow-green, Z is bluish green, X = Y < Z; 
= 71°. 

In some of the specimens, biotite is important, and, wherever it exceeds 10 per 
cent, the rock may be termed biotite amphibolite. It is found as small flakes in 
the groundmass and as large, irregular porphyroblasts. 

The mode, based on 18 thin sections, is given in Table 13. 


Age and Correlation—The basic dikes and sills older than the meta- 
morphism cut the youngest stratified rocks of the area and are, therefore, 
younger than the lower Devonian. One of them, moreover, cuts the 
Owls Head granite on the 800-foot cliff near the south border of the 
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Moosilauke quadrangle. None, however, has been observed to cut the 
Bethlehem gneiss, the Kinsman quartz monzonite, nor any of the younger 
rocks. These dikes are, therefore, younger than the Owls Head granite, 
but older than the Bethlehem gneiss, and belong early in the New Hamp- 
shire magma series, probably being closely related in age to the Moulton 
diorite. Some metamorphosed basic dikes that cut the older stratigraphic 
units possibly belong to some older magmatic cycle. 

The petrographic data incorporated in this section were obtained by 
Charles B. Moke. 


DIKES AND SILLS YOUNGER THAN THE REGIONAL METAMORPHISM 


General Statement—A complete study of the dikes and sills younger 
than the regional metamorphism was not attempted. Nevertheless, 38 
hand specimens were collected, and 26 thin sections were studied. They 
are described under two main headings, basic and siliceous, and the co- 
magmatic relations are discussed later. These bodies are found both as 
dikes and as sills, but in the following pages they will be referred to as 
dikes, in order to avoid needless repetition. The modes and other data 
are given in Table 14, and in Figure 4 the dikes that have been studied 
petrographically are plotted on a map. 


Basic Dikes.—The basic dikes are invariably altered. Of the 26 thin 
sections studied, not one is fresh, and some are so thoroughly altered that 
it is impossible to determine the original rock. The following varieties 
have been recognized: (1) fine-grained gabbro; (2) aphanitic gabbro; (3) 
fine-grained gabbro with phenocrysts and flow structure; (4) diabase; (5) 
porphyritic diabase; (6) quartz diabase; (7) camptonite; (8) camptonite 
or syenodiorite porphyrite; (9) fine-grained diorite; and (10 and 11) 
syenodiorite. Complete data are given in Table 14 and in Figure 4. 


Siliceous Dikes—The siliceous dikes include syenite porphyry, syenite, 
bostonite, and pegmatite. The first three are described in Table 14 and 
in Figure 4. Pegmatite dikes and sills are abundant, particularly in asso- 
ciation with large plutonic bodies of the New Hampshire magma series. 
None is found northwest of the Ammonoosuc thrust, but they are found 
to the southeast, and are especially abundant in the southeast corner of 
the Moosilauke quadrangle. They cut both the schists and the intrusives. 
They are composed primarily of microcline, quartz, muscovite, and biotite, 
with small crystals of garnet and black tourmaline. They range in thick- 
ness from an inch to several feet. Aplite dikes are common, but no special 
study has been made of them. Much of the country rock around the 
Moody Ledge granite is cut by aplite dikes. They are also common in and 
around the French Pond granite, and are found associated with the Kins- 
man quartz monzonite and the Bethlehem gneiss. 
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Fiaure 4.—Map of post-metamorphism dikes and sills 
Only those dikes which were studied petrographically are shown. Strike and dip 
shown in usual manner; thickness given in feet or inches; numbers 1 to 15 in circles 
give lithology as listed in Table 14; number 16 in circle refers to dikes too altered 
to classify. 
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CO-MAGMATIC RELATIONS OF DIKES AND SILLS 


It may be difficult in some cases to decide to which magmatic cycle a 
given dike or sill belongs. In general, however, this can be done, as in the 
following summary, which, for the sake of completeness, includes pre- 
metamorphism as well as post-metamorphism rocks: 


amotam 
Te 


1. Lower Devonian volcanic cycle: 
(a) Soda-rhyolite dikes and sills of (1) Parker Hill district, (2) area 1% 
miles northwest of Lisbon, (3) area half way between Lisbon and 
Landaff villages, and (4) area a mile southwest of Moody Ledge. 
2. Oliverian magma series: 
(a) Aplites in Owls Head granite 
(b) Pegmatite in Owls Head granite 
3. New Hampshire magma series: 
(a) Albite-ankerite-chlorite dikes and sills of the low-grade zone, amphib- 
olites of the middle-grade zone and high-grade zone, and dikes and 
sills of Moulton diorite. 


Post-metamorphism 


(b) Pegmatite 
(c) Aplite 
4. White Mountain magma series: 
(a) Aschistic group: 
(1) Fine-grained and aphanitic gabbro 
(2) Syenodiorite 
(3) Syenite 
(4) Syenite porphyry 
(b) Diaschistic group: 
(1) Camptonite 
(2) Bostonite 
5. Unknown affinities, but post-metamorphism: 
(1) Diabase 
(2) Quartz-diabase 
(3) Diorite-porphyrite and fine-grained diorite 
(4) Altered basic dikes 


UNCONFORMITY AT THE BASE OF THE SILURIAN 


The only pronounced unconformity in the Littleton-Moosilauke area 
lies between the Silurian and the pre-Silurian formations. The relations 
along this surface are unusually complicated, owing to several factors, 
which will be discussed more fully. It should be emphasized that there 
is no place where one can see an angular discordance between the Silurian 
and the older formations, and the proof of the unconformity is based on 
other considerations. The lack of a visible angular discordance is readily 
understandable, however, when one considers the intensity of the post- 
Littleton deformation. 
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The proof of the unconformity is based primarily on areal mapping. 
Inspection of the geological maps (Pls. 1 and 12) shows that the Fitch 
formation may overlie any one of four formations. Throughout much of 
the Moosilauke quadrangle, the Fitch formation rests on the Clough con- 
glomerate. Elsewhere, it may rest on the Partridge formation, the Am- 
monoosuc volcanics, or, as west of Littleton, on the Highlandcroft gran- 
odiorite. Although such a pronounced discordance might be explained 
by faulting, this cannot be true, for the base of the Silurian (whether it 
be the Fitch or the Clough) has been observed in numerous localities, and 
the contact is sedimentary. Moreover, the same general relations have 
been observed in several different synclines. 

Three separate and independent events brought about the complex 
relations at the base of the Silurian formations. 

After the Albee, Ammonoosuc, and Partridge formations were deposited, 
they were gently folded, and, in places, the Partridge formation was 
removed by erosion. In such places, the Silurian formations were deposited 
directly on the Ammonoosuc volcanics. 

After the Albee, Ammonoosuc, and Partridge formations were deposited, 
but before the Silurian formations were laid down, the Highlandcroft 
granodiorite was intruded. Subsequent erosion cut deeply enough to ex- 
pose the Highlandcroft granodiorite in places, and the younger Silurian 
rocks were deposited on it. 

The Clough conglomerate was not deposited as a continuous sheet over 
the whole district; it overlaps from the southwest toward the northeast. 
Over most of the Littleton quadrangle, it was not deposited, and in these 
places the Fitch formation lies directly on the older formations. 

These relations are shown diagrammatically in the columnar section, 
Figure 2. 

If the Albee, Ammonoosuc, and Partridge formations are upper Ordo- 
vician (p. 475), the orogenic movements that produced the pre-Silurian 
folding must be correlated with the Taconic disturbance. This disturbance 
was by no means as intense as the revolution that subsequently affected 
all the rocks, and was probably Acadian. 


STRUCTURE 
GENERAL DESCRIPTION 


The rocks of the Littleton-Moosilauke area show a great variety of 
structures, most of which can be discovered only by detailed studies. 
Among the most striking are the great folds, the axes of which trend in 
a general north-northeasterly direction. There are four major synclines of 
sufficient depth to enclose the Devonian sediments. Associated with the 
major folds are numerous minor folds. Generally, the folding has been 


| 
j 
j 
; 
: 
a 
a 
i 
| 
a 
x 
4 
' 
= 4 
| 


STRUCTURE 519 
so intense that the strata have been packed into closed folds, the axial 
pianes of which are either vertical or, as throughout most of the area 
southeast of the Ammonoosuc River, overturned toward the southeast. 

Three major, and numerous lesser, thrust faults cut the rocks. The two 
largest—the Ammonoosuc and the Northey Hill—represent relative 
overthrusting from the northwest. Their stratigraphic throw is many thou- 
sands of feet, and the net slip is measured in miles. Along The Hogsback 
thrust the displacement has been toward the southwest. 

Numerous igneous masses complicate the structure. They are of various 
shapes and sizes and have been injected into the country rock under differ- 
ent conditions. The Highlandcroft granodiorite is presumably late Ordo- 
vician, but no special study has been made of its mechanics of intrusion. 
The other igneous rocks are younger than lower Devonian. The Owls 
Head granite was injected before the folding, and domed the overlying 
sediments. Other intrusions, notably the Bethlehem gneiss and the Kins- 
man quartz monzonite, were injected during the folding, and form huge 
sill-like or lenticular masses parallel to the regional structure. Still 
others, such as the French Pond granite, were intruded after the major 
orogeny had ceased, but apparently made room for themselves by forcing 
apart the surrounding sediments. 


MAJOR FOLDS 


General Statement.—A series of anticlines and synclines trends across 
the Littleton and Moosilauke quadrangles. Throughout the former and 
the northern third of the latter, these folds trend northeasterly, but, to the 
south, they swing into a more southerly direction, and, in the extreme 
south end of the Moosilauke quadrangle, they trend northward. 

From northwest to southeast across the Littleton quadrangle and the 
northern third of the Moosilauke quadrangle the following major struc- 
tural units may be recognized: 


Gardner Mountain anticline 
Walker Mountain syncline 
Ammonoosuc thrust 

Salmon Hole Brook syncline 
Northey Hill thrust 

Garnet Hill syncline 
Bronson Hill anticline 

Mt. Moosilauke septum 


Gardner Mountain Anticline—The axis of the Gardner Mountain fold 
extends from Albee Hill across the western part of the Littleton quad- 
rangle in a general S 35° W direction for about 5 miles, and then leaves 
the area. The Albee formation occupies the core of the anticline, with the 
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Ammonoosuc volcanics on both limbs. The structure is complicated by 
numerous small folds. The axial planes of these minor folds dip steeply 
toward the east, from 60 to 75 degrees east of the crest of Gardner Moun- 
tain, and from 80 to 90 degrees west of the crest. The anticline is, thus, 
slightly overturned toward the west. A minor anticline, which may be 
considered a subsidiary structure on the Gardner Mountain arch, extends 
through the 1636-foot hill, 144 miles west of Partridge Lake. ‘This minor 
fold is separated from the major fold in one place by a small synclinal area 
of Ammonoosuc volcanics, accompanied by a minor thrust. 


Walker Mountain Syncline-—This fold may be traced from Parker 
Mountain, 2 miles north of Littleton, in a general southwesterly direc- 
tion through Walker Mountain, Mormon Hill, Trevina Hill, and Moulton 
Hill, finally leaving the Moosilauke quadrangle 2 miles northwest of Bath. 
This syncline really consists of two doubly plunging folds, a minor one 
northeast of State Highway No. 18, the other southwest of it. 

The northeastern part is about 244 miles long. The Littleton formation 
is in the central part of the fold; the Fitch formation extends along the 
northwest limb and also wraps around both ends. The southeastern limb, 
however, has been eliminated by the Ammonoosuc thrust and by a sub- 
sidiary thrust west of Parker Mountain. The plunge of the Fitch forma- 
tion at the northeast end of this fold, as observed in an abandoned quarry, 
is 35 degrees to the southwest, but there are no data for the plunge at the 
southwest end. 

The core of the main part of the Walker Mountain syncline is, likewise, 
occupied by the Littleton formation throughout most of its extent, but 
southwest of Pettyboro School, owing to the northward plunge of the 
fold, successively older formations are exposed along the axis. At the 
northeast end of this structure the massive sandstones of the Littleton 
formation sweep around in a broad syncline, plunging 60 to 65 degrees 
southwest. To the southwest, minor folds appear; they may be seen to 
greatest advantage in an adit, which extends across the structure for 900 
feet, 0.4 mile southeast of Clough Hill School. According to C. P. Ross, 
“No less than four anticlines and their corresponding synclines, formed 
by the folding of the planes of slaty cleavage, are exposed in this tunnel 
all of which are somewhat overturned toward the northwest.” *4 

Half a mile southwest of Pettyboro School, the base of the Silurian 
formations sweep around in a great “W”, the top of which is toward the 
northeast. This pattern indicates two closely compressed synclines, 
separated by an anticline. On the nose of the more westerly of the 
two synclines the contact of the Partridge formation and the overlying 


%C. P. Ross: The geology of a part of the Ammonoosuc mining district, New Hampshire, Am. 
Jour. Sci., 5th ser., vol. 5 (1923) p. 299. 
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Clough conglomerate strikes N 70° W and dips 48° NE (Pl. 5). On the 
nose of the more easterly of the two folds the same contact trends N 70° W 
and dips 42° NE. In this area, therefore, the folds are plunging about 
45° NE; the axial planes are vertical. 

The complex folding indicated by the map-pattern around Moulton Hill 
is typical of a large part of the Littleton-Moosilauke area, but the rela- 
tively simple structure 2 miles west of Littleton is abnormal and needs 
explanation. The answer is found in the Highlandcroft granodiorite. As 
this is pre-Silurian, it is older than the post-Littleton period of folding. 
Whereas most of the stratified rocks of western New Hampshire were 
relatively plastic during the folding, this block of granodiorite behaved as 
a rigid unit. The overlying sediments, thus protected from the intense 
deformation to which the other rocks were subjected, were thrown into 
much broader folds. This fact also explains why fossils in any quantity 
are found only in the Littleton district. Fossils that may have existed 
elsewhere were largely destroyed by the intense deformation. 

The structure between the axis of the Gardner Mountain anticline and 
the axis of the Walker Mountain syncline is not simple. There are numer- 
ous doubly plunging synclines, so that younger formations are completely 
surrounded by older formations. One of the minor synclines may be traced 
from a point half a mile southeast of Pattenville to Ogontz Lake. Through- 
out most of its extent the center of this syncline is occupied by the Part- 
ridge formation, but in two small areas the Clough and Fitch formations 
appear; due to the scale of the geological map, the two formations have 
been mapped together as the Fitch formation. This syncline apparently 
extends as far north as the township of Dalton, in the extreme northeastern 
corner of the area, for Ammonoosuc volcanics are found here, with the 
Albee formation to the northwest and to the southeast. 

A second minor syncline can be traced from a point half a mile west of 
Partridge Lake to Lyman; it actually consists of two doubly plunging 
synclines, one on the west of Partridge Lake, the other extending from 
the north end of Dodge Pond to Lyman. The complexities in the north- 
west corner of the Moosilauke quadrangle are best brought out by the 
geological map and structure sections. 

The anticline that would normally lie southeast of the Walker Hill syn- 
cline has been eliminated by the Ammonoosuc thrust (p. 525). 


Salmon Hole Brook Syncline—The axis of the Salmon Hole Brook fold 
extends in a general southwesterly direction from east of Streeter Pond, in 
the southeast corner of the Littleton quadrangle. It crosses the Gale 
River three-quarters of a mile southwest of Streeter Pond, passes three- 
quarters of a mile northwest of Northey Hill, and a mile west of Landaff. 
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The axis crosses the Wild Ammonoosuc River a mile southeast of Swift- 
water, and leaves the quadrangle 114 miles southwest of Center Haverhill. 
The southeast limb is almost completely eliminated by the Northey Hill 
thrust (p. 530), and the axis of the syncline lies only a quarter to half a 
mile northwest of the fault. All formations from the Littleton to the 
Albee are exposed on the northwest limb of the syncline. 

The intensity of the minor folding is well shown by the geological map. 
All the boundaries shown in solid lines are based on good exposures and 


VOLCAN 
~ 


Ficure 5—Salmon Hole Brook syncline 


Block diagram to illustrate inverted plunge. Syncline lies between Ammonoosuc and Northey Hill 
thrusts. Compare with geological map (Pl. 12). View looking northwest from a point several miles 
above the center of the Moosilauke quadrangle. Details omitted. Silurian (and Devonian) forma- 
tions plunge beneath Ammonoosuc and Partridge formations and Ammonoosuc volcanics plunge 
beneath the Albee formation. 


show, by the numerous zigzags, that countless minor folds are imposed on 
the main structure. As the bedding throughout most of the structure 
dips 60 to 80 degrees to the northwest, the axial planes of the minor folds 
likewise dip 60 to 80 degrees to the northwest. The whole structure might 
be described as a synclinorium, with the axial planes dipping steeply to 
the northwest. 

East of Littleton the structure is complicated by a long, narrow anti- 
cline of the Albee formation plunging southwestward. 

The plunge of the Salmon Hole Brook syncline is unusual. A glance at 
the geological map of the Moosilauke quadrangle shows that the plan is 
that of a syncline plunging northeastward, for the pattern of each forma- 
tion is a horseshoe, open in that direction. But field observations show 
that all the minor folds and the linear features, as described on page 
533, plunge toward the southwest. These features are shown on the tec- 
tonic map in Plate 5. In other words, the fold has a structure that one 
would normally associate with an anticline plunging toward the southwest, 
but it is actually a syncline with an inverted plunge. A somewhat general- 
ized block diagram (Fig. 5) shows the nature of the structure. The type 
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55° 
TECTONIC MAP OF PART OF THE MOOSILAUKE QUADRANGLE 
Formation symbols same as geological map (Pl. 12), except that Clough and Fitch forma- 
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of structure is not unique; Brown ** has described inverted plunges in 
the Adirondacks, and Leach and Menken ** have noted them in California. 
If a strictly geometrical construction had been employed in preparing the 
structure sections on Plate 12 the Salmon Hole syncline would appear as 
an anticline. It seemed inadvisable to do this, however, and in the struc- 
ture sections the fold has been shown diagrammatically as a syncline. 

The inverted plunge of the Salmon Hole syncline implies tremendous 
plasticity and flowage of the rocks. A complete explanation of the forces 
involved must await work in adjacent quadrangles, but the writer believes 
that the structure indicates an initial upward movement of material some- 
where to the southeast of the village of Swiftwater. Although in the later 
stages of the deformation the easiest relief might have, likewise, been 
upward, or to the northwest or the southeast, apparently, it was toward the 
northeast, and that was the direction in which the rocks flowed. In this 
way, the plunge of the syncline became inverted. 

The anticlinal axis, which would normally lie southeast of the Salmon 
Hole syncline, has been eliminated by the Northey Hill thrust (page 530). 


Garnet Hill Syncline——In the vicinity of Garnet Hill, in the northeast 
corner of the Moosilauke quadrangle, there is a symmetrical distribution 
of the rock units—the Littleton formation in the middle, flanked on both 
sides by the Fitch, the Clough, and the Ammonoosuc formations. The 
strata dip 45 to 80 degrees to the northwest, a fact that indicates that the 
syncline is overturned and that its axial plane dips northwest. To the 
southwest, the Northey Hill thrust transgresses the northwest limb of the 
syncline, cutting out successively the Ammonoosuc volcanics, the Clough 
conglomerate, and the Fitch formation. 

South of Landaff and as far south as Knights Hill, the Bethlehem 
gneiss cuts out the Littleton formation for 7 miles; between the Wild 
Ammonoosuc River and Little Black Mountain, the Fitch formation is 
cut out. One mile southwest of Black Mountain, the Littleton formation 
reappears and extends southwest to the limits of the quadrangle. 

The southeast limb of the syncline is complicated for several miles 
north of the Wild Ammonoosuc River by a thrust fault, which repeats the 
Ammonoosuc, Clough, and Fitch formations. In Black Mountain, the 
Clough conglomerate has a much greater breadth of outcrop than usual, 
suggesting either a greater original thickness or a repetition by folding 
and faulting. That the rocks are intensely crumpled may be observed on 
the top of the mountain, but there is no evidence of repetition by faulting. 
Numerous shear planes, with a low angle of dip, and coated with tourma- 


% J. 8S. Brown: Structure and primary mineralization of the zinc mine at Balmat, New York, Econ. 
Geol., vol. 31 (1936) p. 233-258. 

2% C, E. Leach and F. A. Menken: Overturned plunge on overturned folds in Sespe-Piru district, 
California, Am. Assoc. Petr. Geol., Bull., vol. 16 (1932) p. 209-212. 
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line needles, have only slightly modified the structure. A complicated 
minor synclinorium is developed in Titus Brook valley, but the details 
could not be worked out because of scarcity of outcrops. 


Sugar Hill Anticline—Sugar Hill anticline may be traced from a point 
near Franconia Village, in the northeast corner of the Moosilauke quad- 
rangle, in a general southwesterly direction through Bronson Hill, Scotland 
School, Moody Ledge, Long Pond, and Jeffers Brook valley. The Am- 
monoosuc volcanics occupy the center of the anticline, but, in addition, 
there are numerous minor intrusions. Throughout most of its extent, this 
anticline is flanked on the northwest by the Clough conglomerate and 
successively younger formations. South of Long Pond, however, relations 
are modified by the Owls Head dome (p. 535). The east limb of the Sugar 
Hill anticline is injected by the Bethlehem gneiss, which extends through 
Cole Hill and Mt. Clough. The Clough conglomerate on the west slope 
of Mt. Clough and the Littleton formation on Mt. Moosilauke belong to 
the east limb of this anticline. 

At the north end of the anticline the axial planes of the minor folds are 
vertical, but south of Long Pond they dip 50 degrees east. 


Mt. Moosilauke Septum.—The large area of the Littleton formation 
extending northward from Mt. Moosilauke is a gigantic septum,?’ sepa- 
rating the Bethlehem gneiss from the Kinsman quartz monzonite. Owing 
to the lack of a good horizon marker, it is impossible to decipher the 
structural details, but trips up various brooks and ridges indicate that 
the rocks are greatly folded. In general, the bedding strikes north and 
dips 45 to 60 degrees west; such attitudes suggest closed folds, the axial 
planes of which dip west. The most pertinent data are obtained in the 
ravine northwest of the summit of Mt. Moosilauke. The slopes of this 
ravine are scored by half a dozen “slides”,?* 500 to 1000 feet high, with 
continuous exposures. Three slides were carefully studied, and, on two 
of them, closed folds, with the axial planes dipping 60 degrees west, were 
noted. On the most westerly slide on the north side of the ravine (Fig. 6, 
slide A), such a structure may be deduced. On the second slide, likewise 
on the north side of the ravine, at an altitude of 3300 feet, the crest of an 
overturned anticline was observed (Fig. 6, slide B). In Figure 6, all the 
folds that were actually observed, and the attitude of the bedding, have 
been recorded. One of several possible inferred structures has also been 
indicated by a broken line. 


2 Ernst Cloos: Der Sierra Nevada-Pluton, Geologischen Rundschau, vol. 22 (1931) p. 372-384. Espe- 
cially p. 379, and Plate II. 

% “Slide” is a local term used in the White Mountains for the scar left after a landslide (Pl. 4, 
fig. 1). The angle of slope ranges from a few degrees to 40 degrees, and the height from a few feet 
to 1000 feet. The surface of the slide is usually bed rock, but may be unconsolidated material. 
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The excellent exposures on Beaver Brook display numerous small folds. 
On Stark Falls Brook, also, numerous complicated folds were observed. 
Owing to the lack of widespread exposures and key horizons, however, it 
has been necessary to represent the folds of the Mt. Moosilauke septum 
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Ficure 6.—West slope of Mt. Moosilauke 


Structure in Tunnel Ravine. Solid lines represent observed data; broken line, one of several possible 
interpretations. 


in a diagrammatic fashion on the structure sections (Pl. 12). Reference 
to the tectonic map (PI. 5) shows that the fold axes plunge at angles of 
20 to 40 degrees, in some places north-northeast, in others south-southwest. 


THRUST FAULTS 


General Statement.—The structure is complicated by thrust faults, some 
of considerable magnitude, others of less importance. No gravity faults 
of sufficient size to map have been observed. The three major thrusts— 
the Ammonoosue, the Northey Hill, and The Hogsback—are described. 


Ammonoosuc Thrust—The Ammonoosuc thrust has been described in 
part in previous papers ;”* its existence was first recognized by C. P. Ross, 
who, however, considered it to be a thrust from the east. Its trace is 
somewhat sinuous, with a general northeasterly trend. It enters the 
Littleton quadrangle a mile northeast of Parker Mountain; toward the 
southwest, it passes a third of a mile east of Walker Mountain and extends 
through Perch Pond. It enters the Moosilauke quadrangle three-quarters 
of a mile north of Salmon Hole School. It follows a general southwesterly 
trend, but, just before leaving the quadrangle, it takes a sharp bend toward 


2M. P. Billings: Thrusting younger rocks over older, Am. Jour. Sci., vol. 25 (1933) p. 140-165. 
Geology of the Littleton and Moosilauke Quadrangles, New Hampshire, State Plan. Devel. Comm., 
Concord (1935) p. 32-33. 
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the northwest for a quarter of a mile. In the Woodsville quadrangle, it 
resumes its southwesterly trend. 

The Ammonoosuc thrust has, thus, been traced for 1714 miles in the 
Littleton and the Moosilauke quadrangles. Billings, Waldo, and Hadley 
have traced it for 32 miles farther to the southwest, and Billings and R. W. 
Chapman have followed it to the northeast for 7 miles more. Thus, the 
total length exceeds 55 miles. 

The sinuosity of the trace of the Ammonoosuc thrust is in part due to 
the effect of topography on a dipping fault plane; this is particularly true 
on Parker Mountain. Other variations are due to changes in its strike. 

The existence of the fault was first suspected for stratigraphic reasons. 
Throughout most of the extent of the thrust in the Littleton quadrangle, 
the upper part of the Littleton formation is in contact with the Am- 
monoosuc volcanics. This suggests a fault of some magnitude, for parts of 
the Ammonoosuc and the Littleton formations, and all of the Clough, the 
Fitch, and the Partridge formations, are missing. The absence of the Part- 
ridge and the Clough formations, however, is probably due to the uncon- 
formity at the base of the Silurian (p. 517). In the Moosilauke quad- 
rangle, the Fitch formation is in contact with the Albee formation along 
part of the fault, with all of the Ammonoosuc formation missing. The fault 
is also indicated by slices, mylonitization, silicification, and a sudden 
change in metamorphism ; these features will be described after a discussion 
of the dip of the fault plane. 


The dip of the Ammonoosuc thrust may be measured at several localities. Half 
a mile northwest of Salmon Hole School the fault plane is exposed in Youngs 
Brook, 50 feet southeast of a sawmill. The exposure is 10 feet high; on the north- 
west are the black slates of the Littleton formation, on the southeast the Ammo- 
noosuc voleanics. The contact is clean-cut, strikes N 65° E, and dips 50° NW. There 
is no breccia, and the exposure is an abnormal expression of the fault, for elsewhere 
it is characterized by crushing, mylonitization, or silicification. 

Where silicification has occurred the top of the silicified zone is a smooth plane, 
and no one who observes this feature in the field would doubt that this surface is 
the fault plane. One locality is 1% miles N 80° W from the bridge over the Am- 
monoosuc River at Lisbon. The fault strikes N 68° E and dips 32° NW. A second 
locality is in the Woodsville quadrangle, half a mile southwest of the place where 
the thrust leaves the Moosilauke quadrangle. Dips of 32, 36, and 38 degrees north- 
west were measured at three places within a distance of 2000 feet; the average of 
these three readings is 35 degrees northwest. The average for all five localities is 
38 degrees. 

Slicing may be observed along the fault. One example is found half a mile 
northeast of Walker Mountain, in the east-central part of the Littleton quadrangle. 
To the northeast and to the southwest the Littleton formation is in direct contact 
with the Ammonoosuc volcanics. But at the locality itself, there are exposures of 
the Highlandcroft granodiorite, arkose and limestone of the Fitch formation, and 
voleanic conglomerate of the Littleton formation. None of these formations can 
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be traced for more than a third of a mile; they are slices caught along the thrust. 

The mechanics of the process may be visualized from Figure 7. To the northeast 
and to the southwest, the overriding mass either did not pick up any of these 
blocks, or, if so, did not leave them on that particular part of the thrust plane 
now exposed by erosion. 

One mile northwest of Sugar Hill School, an overturned slice consists of Ammo- 
noosuc, Clough, and Fitch formations, dipping 65 to 80 degrees northwest. 

Mylonite zones, some of them several hundred feet wide, have been observed 
along the Ammonoosuc thrust. It is very likely that the silicified zone, present at 
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Ficure 7—Evolution of the Ammonoosuc thrust 


Av a point where it cuts the Highlandcroft granodiorite. Shows the origin of the slices east of 
Walker Mountain. Symbols for formations are essentially same as on geological map. Center of 
syncline (A) is thrust over to (E), so that the Littleton formation rests on Ammonoosuc volcanics 
on the northwest limb of the next syncline to the southeast. As the Littleton formation moved 
forward, it picked up large blocks of the volcanic conglomerate at (B), blocks of the Fitch forma- 
tion at (C), and blocks of the Highlandcroft granodiorite at (D). These blocks were dropped at (E). 


so many places along the Ammonoosuc thrust and described on page 528, is replaced 
mylonite. 

The best exposed section of mylonite is 2 miles west-southwest of Littleton. One 
mile N 60° E from the summit of Walker Mountain, there is a small hill, 1220 feet 
high. About 1100 feet due south of the summit of this hill, there is a small stream 
along which a mylonitized quartz monzonite phase of the Highlandcroft granodiorite 
is exposed. This is the area where there are several slices along the thrust. The 
mylonitized rocks are exposed for 300 feet northwest of the main fault, and, even 
at the northwest end of the outcrops, the rocks are badly crushed. Although all 
steps in the progressive mylonitization may be seen, three major stages are described: 
(1) slightly mylonitized quartz monzonite; (2) mylonitized quartz monzonite; and 
(3) mylonite schist. Seven specimens, for each of which one thin section was made, 
were collected to illustrate the changes. 

The slightly mylonitized quartz monzonite is described on page 500 (see also 
Pl. 11, fig. 3). The mylonitized quartz monzonite is exposed along the northwest 
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end of the stream section, between 75 and 300 feet northwest of the fault. In the 
field, it differs from the slightly mylonitized quartz monzonite in the following ways: 
(1) It is much more broken by closely spaced, irregular shear planes, making it 
difficult to obtain a good hand specimen. (2) It is not so fresh looking as is the 
original rock, and, in the more extremely mylonitized varieties, it is a pseudo- 
porphyry, with feldspar and quartz crystals, 2 to 4 millimeters long, in a green 
groundmass. (3) In many places, there is poorly developed, undulatory schistosity. 
Microscopic study shows that the mylonitized quartz monzonite differs from the 
slightly mylonitized quartz monzonite in the following respects: (1) It shows a higher 
percentage of fine-grained material, due to granulation and recrystallization. (2) The 


Taste 15.—Changes in mineral composition in mylonitized zone 


Potash Albite- 
Specimen oligo- | Quartz | Sericite | Chlorite| Calcite | Pyrite 
feldeper clase 
Slightly mylonitized quartz mon- 
32 18 35 8 3 4 tr 
Mylonitized quartz monzonite...... 36 10 28 10 10 6 tr 
Mylonite schist................... 12 3 30 30 18 5 2 


quartz grains are more granulated and show more intense strain shadows. (3) Seri- 
cite and chlorite are more abundant. (4) Schistosity is better developed, but is 
still weak. 

Although mylonitization does not increase systematically toward the southeast, 
within 50 feet of the thrust the rock becomes a mylonite schist (Pl. 11, fig. 4), a 
schistose, aphanitic, green rock in which no crystals are visible to the naked eye. 
Microscopic study shows that practically all the potash feldspar has been changed 
to sericite, and that chlorite is more abundant than in the less-sheared rocks. 

Table 15 shows the mineralogical composition of the three stages. 

On the southeast slope of Parker Mountain the Remick tonalite has been myloni- 
tized for 100 feet, east of the silicified zone along the Ammonoosuc thrust. Six thin 
sections from this area show a gradual change from a slightly strained rock through 
mylonites to the silicified rock. 

The silicified zone along the Ammonoosuc thrust is discontinuous, but, locally, 
it is of sufficient magnitude to be shown on the geological map. There is a large 
area on Parker Mountain where the zone can be traced for more than a mile; it 
has a maximum width of 400 feet. Another important area of silicification is found 
at a point one mile northwest of Lisbon. This belt may be traced for 114 miles, 
but never exceeds 100 feet in breadth of outcrop, and is locally much narrower. 

The rock in the silicified zone is a hard, aphanitic, white, chert-like material 
(Pl. 7, fig. 2). Microscopic study shows that it is composed of fine-grained quartz, 
0.01 to 0.03 millimeter across. This rock is cut by small quartz veins, 1 to 4 inches 
wide, which form a single set of parallel veins, or two or more parallel sets, or 
an unsystematic network. 


A sharp break in the degree of metamorphism along the Ammonoosuc 
thrust is an important feature. Northwest of the fault the rocks belong 
to the low-grade zone, and are characterized by chlorite, sericite, and 
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albite. Southeast of the fault, however, the rocks belong, with local ex- 
ceptions (p. 472, 478), to the middle-grade zone and are characterized by 
biotite, muscovite, garnet, hornblende, and staurolite. This feature is 
discussed in more detail in the section on metamorphism. 

As younger rocks occupy the hanging wall of this fault, it at first seems 
most logical to interpret the structure as a gravity (normal) fault. But 
there are a number of facts inconsistent with such an interpretation, and 
indicating that the fault is a thrust, with the northwest side driven south- 
eastward. (1) The overturned slice of Ammonoosuc volcanics, Clough 
conglomerate, and Fitch formation, three-quarters of a mile northwest of 
Sugar Hill Station, is difficult to explain if the fault is normal, but is 
readily understood if the fault is a thrust. (2) The patch of Highland- 
croft granodiorite in the slices east of Walker Mountain is significant. 
According to a theory of thrusting it would be dragged up from the west 
(Fig. 7), but according to a theory of gravity faulting, it would be dragged 
down from the east. The Highlandcroft is known to the west, but is not 
found to the east, of the fault. (3) Terranes with sharply contrasting 
tectonic styles have been brought together by the fault. Northwest of the 
fault the axial planes of the folds are vertical or are slightly overturned 
toward the northwest. Southeast of the fault the axial planes of the 
folds are strongly overturned toward the southeast. The contrast in 
plunge on opposite sides of the thrust in the Moosilauke quadrangle is re- 
markable. Northwest of the thrust the Walker Mountain syncline plunges 
northeast; southeast of the thrust the Salmon Hole Brook syncline has an 
inverted plunge toward the southwest (p. 522 and Fig. 5). (4) It is im- 
possible to reconstruct the genesis of the fault and explain all the facts if it 
is assumed to be of the gravity type. (5) The dip of the fault, 38 degrees, 
although not compelling, is suggestive of a thrust rather than of a normal 
fault. 

Figure 7 shows the writer’s interpretation of the genesis of the fault 
as a thrust. Ifthe fault plane flattens or steepens at depth, it would merely 
modify the diagram. According to such an interpretation, A moves to E, 
and the net slip would be 18,000 feet; if the fault flattens at depth, the net 
slip might be as low as 14,000 feet. The stratigraphic throw is between 
5000 and 6000 feet. 

Thus, the Ammonoosuc thrust is younger than the folding and the meta- 
morphism. It is younger than the folding, for the following reasons: (1) 
It is younger than the major folds, for otherwise it would be impossible to 
thrust younger rocks over older (Fig. 7). (2) The thrust, moreover, is 
relatively straight, and is not intricately folded like the strata themselves. 
(3) The fault is younger than the Remick tonalite, which, in turn, is 
younger than the folding (p. 555). The compression that caused the 
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fault came when the rocks were sufficiently rigid to yield by fracture rather 
than by folding. The fault is younger than the metamorphism, for, along 
the fault in the Littleton quadrangle, two different metamorphic zones 
have been brought into juxtaposition without any transition types. 


Northey Hill Thrust—The most northerly exposure of the Northey 
Hill thrust is 3 miles northwest of the village of Franconia, in the northeast 
corner of the Moosilauke quadrangle. It can be traced southwest to 
Northey Hill, passing somewhat east of the summit. From here, it trends 
S 60° W, crosses Salmon Hole Brook, gradually swings into a S 30° W 
trend, and can be followed to a point half a mile west of the village of 
Landaff. The trace of the fault is, thus, strongly convex toward the north- 
west; the total length is 744 miles. Southwest of Landaff, all evidence of 
the fault is destroyed by the intrusion of the Bethlehem gneiss. Where 
this mass of gneiss ends, half a mile beyond the western border of the 
Moosilauke quadrangle, the Northey Hill fault reappears and has been 
traced for 40 miles farther to the south by Billings, Waldo, Hadley, and 
C. Chapman. 

The chief evidence for the Northey Hill thrust is the discontinuity of 
the formations along its strike. In the northern third of the Moosilauke 
quadrangle the Littleton formation lies northwest of the thrust, but to the 
southeast, a variety of formations appear. At the north end, the Am- 
monoosuc volcanics are southeast of the thrust. To the southwest, how- 
ever, this formation is gradually cut out, and northeast of Northey Hill 
the Clough conglomerate and the basal part of the Fitch formation have 
been eliminated. About a mile southwest of Northey Hill, the Northey 
Hill quartzite member is cut out, and a mile southwest of Salmon Hole 
Brook the Fitch formation disappears. Southwest of this point, the Little- 
ton formation lies on both side of the fault, and it would be impossible to 
trace were it not for the exotic blocks, which will be described, brought 
up along the fault. Silicification, so characteristic of the Ammonoosuc 
thrust, is absent along the Northey Hill thrust. 

The attitude of the fault plane can be observed in only one place, a 
third of a mile north of Pearl Lake; the strike is N 45° E, the dip 75° NW. 


Exotic blocks have been dragged up along the Northey Hill thrust. The largest, 
found a third of a mile north of Pearl Lake, is a block of Northey Hill quartzite, 
140 feet long and 40 feet wide, surrounded by the staurolite schists of the Littleton 
formation. Farther northeast, isolated blocks of calcareous rocks belonging to the 
Fitch formation are completely surrounded by the schists of the Littleton formation. 
West of Pond Hill, and for a mile to the southwest, the Northey Hill thrust can 
be traced by isolated blocks and belts of the Ammonoosuc volcanics. 

Although younger rocks are found on the hanging (northwest) wall of the fault, 
it is considered to be a thrust with relative overthrusting from the northwest, for 
this is the only way the exotic blocks can be explained. Along the Northey Hill 
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thrust, in the Woodsville, Mt. Cube, and Mascoma quadrangles, pre-Silurian rocks 
have been thrust from the northwest over Devonian rocks. 


In contrast to the Ammonoosuc thrust, there is no break in meta- 
morphism associated with the Northey Hill thrust. Moreover, there is 
no obvious mylonitization, and even the staurolite porphyroblasts are not 
crushed. This indicates that the Northey Hill thrust is older than the 
climax of the regional metamorphism. 


The Hogsback Thrust——The Hogsback Thrust is typically developed 
northeast of the summit of The Hogsback. Owing to poor exposures, 
however, the data are not as complete as that for the thrusts already 
described. It can be traced northwestward across the north slope of 
Sugarloaf Mountain, and it dies out somewhere to the west. Southeast 
of The Hogsback the position of the fault is more conjectural, and perhaps 
should be shown on the geological map by a broken line. 


The evidence for the fault is stratigraphic. The rocks on the summit of Sugarloaf 
Mountain dip 32° N (Pl. 4, fig. 2), and, to the north, higher stratigraphic units 
should be exposed. Instead, one discovers the older Ammonoosuc volcanics. The 
same relation is found on The Hogsback. This distribution of formations could be 
interpreted either as a closed fold, overturned toward the southwest and south, or 
as a thrust, with the Ammonoosuc volcanics on the northeast slope of The Hogsback 
driven southwestward over the Clough conglomerate. The thrust interpretation is 
accepted for two reasons: (1) If the structure were that of a closed fold overturned 
toward the southwest, the Clough conglomerate on the overturned limb should dip 
more steeply to the northeast than the same rocks on the normal limb. There is 
no such steepening of dip in the Clough conglomerate on The Hogsback, where the 
formation is exposed in a 200-foot cliff (Pl. 4, fig. 2). This argument would not 
hold, of course, if the Clough were caught in an overturned, isoclinal fold, but 
it is unlikely that such a relatively massive quartzite and quartz conglomerate as 
the Clough formation could be thrown into an isoclinal fold with the two limbs 
absolutely parallel. (2) Obviously, the Clough conglomerate on Sugarloaf Mountain 
is excessively thick, in places apparently 600 feet. The structural relations can be 
observed from the west (Pl. 4, fig. 2) or from the south; there are three main 
ledges of conglomerate, each about 200 feet thick, separated from one another by 
major fracture planes parallel to the dip of the beds. These fractures are inter- 
preted as thrust planes along which the Clough conglomerate has been repeated 
by faulting, and they are so shown on the geological map and in structure sec- 
tion GG’ (dip exaggerated, however). 


Minor Thrusts—There are numerous minor thrusts, some of whieh are 
of sufficient magnitude to be shown on the geological map. Space does 
not permit discussion of these structures. 


THICKENING AND THINNING OF BEDS 

One of the most striking features is the manner in which the Clough con- 
glomerate is reduced from a thickness of one or two hundred feet to noth- 
ing, within short distances. This feature is most clearly shown on the geo- 
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logical map in the northwest corner of the Moosilauke quadrangle, where 
the exposures are unusually good. There are many small patches of 
Clough in this area, owing to numerous minor anticlines and synclines. 
On what may be considered the northwest limb of the main syncline the 
base of the Silurian enters the quadrangle, 0.7 mile west of longitude 
71° 55’. The Clough conglomerate is absent here, however, and the Fitch 
formation is in contact with the Ammonoosuc volcanics. But a tenth of a 
mile to the south, a large area of Clough is exposed, then disappears a short 
distance to the west. Around Bench Mark 1242, there is another area of 
Clough, and from here for 2 miles to the south the formation is intermit- 
tent, like the beads on a string. Similar relations exist all the way to 
Moulton Hill. In many localities the exposures are such as to show that 
the Fitch is in direct contact with the Ammonoosuc or the Partridge for- 
mations. Moreover, the Clough does not gradually thin out, but, in many 
instances, stops abruptly. Other examples in the northwest corner of the 
Moosilauke quadrangle might be cited. 

This bead-like distribution of the Clough might be explained in two 
different ways. It may be a sedimentary phenomenon, the formation 
having been deposited as a series of isolated lenses. The abrupt manner 
in which the patches of Clough conglomerate end, however, is against this 
hypothesis. A better interpretation is that the Clough was deposited as 
a continuous sheet, but, during the folding, it did not yield plastically 
as readily as the other formations, and was so brittle that it broke into a 
series of isolated blocks. Wherever blocks of the Clough pulled apart, 
the Fitch and the Ammonoosuc formations flowed into contact with one 
another. 

Rather similar features are shown in the Silurian belt that extends from 
a point east of Salmon Hole School to a point southwest of Landaff. One 
of the most striking examples of thickening and thinning is found in Sugar- 
loaf Mountain (PI. 4, fig. 2) and the area to the southwest. The apparent 
thickness of the Clough on the mountain is 600 feet, due to repetition by 
thrust faulting (p. 531). Two and a half miles to the southwest, the 
Clough conglomerate is only 10 feet thick, and a short distance farther 
southwest it is absent. 


FOLIATION AND SCHISTOSITY 


The rocks of the Littleton-Moosilauke area are characterized by a well- 
developed foliation, which is expressed as a slaty cleavage or schistosity in 
the metamorphosed sediments and effusive igneous rocks and as a gneissic 
structure in some of the larger bodies of intrusive igneous rocks. The 
foliation is due largely to parallel flakes of mica or chlorite and, to a 
lesser extent, to the lens-like shape of other minerals or mineral aggregates. 
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The attitude of the foliation in certain localities is shown on the geological 
map and is also shown on a special tectonic map (PI. 5). 

The foliation of the sedimentary and effusive igneous rocks may be con- 
sidered here, reserving consideration of the foliation of the plutonic rocks 
to a later section (p. 537). It is difficult to generalize concerning the 
foliation. In many instances, it is parallel to the axial planes of the folds 
and, thus, cuts across the bedding.*® Elsewhere, particularly in the higher 
zones, the schistosity is parallel to the bedding. This relation might be a 
consequence of the axial plane type of foliation in closed, isoclinal folds. 
Field observations indicate, however, that, in many instances where the 
folds are not isoclinal, the schistosity is, nevertheless, parallel to the 
bedding and dips at different angles and even in different directions on op- 
posite sides of the axis of the fold. In such instances, the new platy min- 
erals have formed parallel to the bedding, because it was the most pro- 
nounced plane of weakness. This type of schistosity is not a structure due 
to load metamorphism, which was subsequently folded, for such folding 
would necessitate shearing between the planes of schistosity and partial 
cataclasis of some of the minerals. Fairbairn has recently pointed out 
other ways in which schistosity may be parallel to bedding.** 

Although the attitude of the foliation is relatively uniform over large 
areas, locally it is strongly folded (p. 520). In some places the cleavage 
wraps around the nose of plunging folds, following the bedding. These 
relations may be observed in the Partridge slate directly beneath the 
Clough conglomerate, half a mile southwest of Pettyboro School. In such 
a case, it is not clear whether one is dealing with a folded cleavage or with 
a cleavage formed with that attitude as a consequence of folding. 


LINEAR STRUCTURES 


Well-marked linear structure of tectonic origin lying in the plane of 
foliation or schistosity is common. In conglomerates the lineation is 
shown by ellipsoidal pebbles and boulders (PI. 3, fig. 2). The shortest axis 
is perpendicular to the schistosity, and the intermediate and longest axes 
lie within the plane of schistosity; the longest axes are parallel to one 
another within a given outcrop or over a series of outcrops. The lineation 
is also shown by parallelism of minerals with a long dimension, such as 
hornblende; flat flakes of biotite in some cases are oval, with the long axes 
parallel to one another. More commonly, the lineation is shown by a 
series of mica flakes, strung out like the flags in a flagstone walk. These 
linear features have a common origin, for, wherever elongated pebbles, 
elongated minerals, and mineral streaks are observed in the same out- 
crop, they are parallel to one another. 


CC. K. Leith: Structural geology (1923) p. 127. 
31H. W. Fairbairn: Notes on the mechanics of rock foliation, Jour. Geol., vol. 43 (1935) p. 591-608. 
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The lineation is parallel to the plunge of the axes of the minor folds. 
These relations were observed in the field and are also shown in Plate 5. 
For example, in the Salmon Hole Brook syncline, the axes of the folds 
plunge between 31 and 45 degrees west-southwest. The lineation, ex- 
pressed by elongated pebbles, elongated minerals, and streaks of minerals, 
has the same attitude. 

The type of lineation just described results from deformation of rocks 
in a solid or plastic state. In no instances were the phenocrysts of such 
plutonic rocks as the Bethlehem gneiss or the Kinsman quartz monzonite 
observed to have their long axes parallel; the failure to observe such an 
arrangement, however, may have been, in large part, due to the lack of 
favorable exposures. 

The systematic orientation of the linear features over large areas is 
shown by Plate 5. In the Salmon Hole Brook syncline the linear feature 
plunges from 30 to 60 degrees west-southwest to west-northwest. These 
relations indicate that, during the later stages of the folding and meta- 
morphism, this particular area was being distended so that the greatest 
elongation was in a direction plunging about 45 degrees to the west. 

In the extreme northwest corner of the Moosilauke quadrangle the atti- 
tude of the lineation is not uniform; this is similar to the attitude of the 
fold-axes, which change their direction of plunge within short distances—a 
fact brought out both by the attitude of observed folds and by the pattern 
of the mapped units. 

Around the Owls Head igneous dome (p. 535), although the strike of 
the foliation and the bedding swing through 180 degrees, the horizontal 
projection of the lineation strikes rather uniformly eastward. On the 
west, it plunges 20 to 26 degrees west, and on the east, 32 to 45 degrees east, 
but on the north, it is horizontal. 


IGNEOUS BODIES 


Highlandcroft Magma Series.—The structure of the igneous bodies con- 
cerns both their shape and their internal structures. From these features 
and from facts relating to the adjacent country rock, certain deductions 
may be made concerning the mechanics of intrusion. 

The Highlandcroft granodiorite, being pre-Silurian, is much older than 
the main period of folding, and its original shape has been modified. In 
ground plan, it is elongated parallel to the regional trend. It is massive, 
but is badly sheared throughout, and the attitude of the contacts is not 
known from any field data. In the structure sections the contacts are 
shown as vertical, but this is strictly diagrammatic. Since the sections 
were prepared, however, J. B. Hadley has observed that the contact of the 
Fairlee quartz monzonite, a member of the Highlandcroft magma series 
in the Mt. Cube quadrangle, is exposed in a steep slope, 300 feet high, and 
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is vertical. During the great period of folding the Highlandcroft gran- 
odiorite behaved as a passive pluton,*? as described on page 521. 


Oliverian Magma Series—Much of the Owls Head igneous dome lies in 
the Rumney and the Mt. Cube quadrangles, and a complete discussion is 
impossible here. Fortunately, these two quadrangles are being mapped 
by L. R. Page and J. B. Hadley, and the major features of the dome are 
known. 

The Owls Head granite occupies the center of the dome and is 5 miles 
wide along the southern border of the Moosilauke quadrangle. The gran- 
ite in the central part of the dome is massive to weakly foliated, and, 
wherever foliation can be seen, it is horizontal. Near the borders, however, 
the foliation dips outward. In the vicinity of Owls Head the foliation 
strikes north and dips 30 degrees east, but toward the north it gradually 
swings into a northwesterly trend, and, south of Sugarloaf, strikes east- 
ward and dips 32 degrees north. To the southwest the foliation swings into 
a southwesterly trend and around Lake Constance is again striking north, 
but dips 38 degrees west. Thus, the Owls Head granite in this quadrangle 
forms a great half-dome. 

The pattern, schistosity, and bedding of the overlying sediments conform 
to this structure. The Ammonoosuc volcanics form a complete semi-circle, 
except in the immediate vicinity of Lake Constance, where the volcanics 
are cut out by the granite. The Clough, Fitch, and Littleton formations 
are concentric about this semi-circle, but the last two are present only 
on the northwest quadrant of the dome. The bedding, wherever observed, 
is parallel to the foliation of the granite. 

The conformability of the structure of the granite with that of the 
overlying sediments implies two things. First, the foliation of the granite 
is a primary flow structure. Second, the roof of the intrusion has the same 
general shape as the foliation of the granite and as the bedding of the 
overlying sediments, and the intrusion has a domical roof. The relations 
suggest that the igneous body may have the structure of a laccolith, which 
spread out in the Ammonoosuc volcanics, about 800 feet below the base 
of the Clough conglomerate. There is no evidence in the Moosilauke 
quadrangle that the body has a floor. It is significant, however, that J. B. 
Hadley and C. Chapman have discovered three more of these domes in 
the Mt. Cube and the Mascoma quadrangles, and that, in all of them, the 
shape of the roof and the stratigraphic horizon above the granite are 
similar to the relations in the Owls Head Dome. 

The age of this structure relative to the folding is of great importance. 
The Owls Head granite must have been injected while the sediments were 


32 Hans Cloos: Plutone und ihre Stellung im Rah der Krustenbewegungen, Intern. Geol. Cong., 
Rept. of the XVI Session, U. S., 1933, vol. 1 (1936) p. 235-253. 
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still flat or gently folded. After working for two field seasons in the area 
of intensely crumpled strata of the Littleton quadrangle and the northern 
half of the Moosilauke quadrangle, with their intricate patterns, the 
writer was amazed to see the relatively simple structure of the Clough 
conglomerate, extending from The Hogsback, through Sugarloaf, and 
southwestward to East Haverhill. It would be impossible for such a 
structure to develop after the rocks had been crumpled. The Owls Head 
dome is pre-folding and, during the folding, served as a buttress controll- 
ing the younger structures. 

There are two other facts that are in harmony with the concept of a 
pre-folding age of the Owls Head granite. One is the cataclastic texture 
of the granite, weak in some places, but, nevertheless, present. The other 
is an amphibolite, which cuts the granite on Owls Head cliff. As the 
amphibolite must be older than the metamorphism, and as the meta- 
morphism is essentially contemporaneous with the folding (p. 554), it 
follows that the Owls Head granite is pre-folding. It is also significant 
that no amphibolites cut the Bethlehem gneiss, the Kinsman quartz mon- 
zonite, or any of the younger intrusives. 

According to R. B. Brock, the plutonic rocks of the Shushwap terrane 
of British Columbia form structures similar to the Owls Head dome.** 


Bethlehem Gneiss—There are three bodies of Bethlehem gneiss in the 
area, but the body that extends southwestward from Landaff may be taken 
as the type. Field work in the summer of 1934, by Billings and Waldo, 
showed that this body extends half a mile into the Woodsville quadrangle, 
where it bluntly terminates. 

The following facts are pertinent to the problem of the shape and the 
time of intrusion of this body. (1) The body is 11 miles long, averages 
a mile wide, and at maximum is slightly more than 2 miles wide. (2) The 
manner in which contacts cross hills and valleys, without appreciable 
change in strike, indicates that the contacts must be steep. The north- 
west contact, observed 114 miles east-northeast of Center Haverhill, in a 
cliff 5 feet high, has a vertical dip. The southeast contact, half a mile 
southeast of the top of Green Mountain, dips 65 degrees northwest. (3) 
The rock is foliated in most localities. In this particular body the folia- 
tion is best developed near the contacts; it is weaker in the interior. The 
attitude of the foliation in 24 localities is shown on the geological map and 
also on the tectonic map (PI. 5). In general, the foliation strikes essen- 
tially parallel to the strike of the contacts of the body, and it dips either 
vertically or steeply to the northwest. The available data indicate that the 
foliation is essentially parallel to the contacts. (4) Flat inclusions, a few 
inches to a few feet long, lie in the plane of the foliation. No data are 


33 R. B. Brock: The metamorphism of the Shushwap terrane of British Columbia, Jour. Geol., vol. 
42 (1934) p. 673-699. 
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available as to whether these inclusions are discs or ovals. (5) Linea- 
tion, shown by parallel streaks of biotite, lies within the plane of folia- 
tion; the average plunge is 45 degrees southwest (Pl. 5). (6) The texture 
is granoblastic (Pl. 11, figs. 1 and 2), and, in the Mt. Clough belt, the 
gneiss is mylonitized near the south end of the quadrangle. 

In attempting to deduce the shape of the body, one is baffled by lack 
of knowledge as to how far down into the crust of the earth the steep 
contacts continue. If they extend down for several miles, the Bethlehem 
gneiss is a tabular, gigantic, sill-like body. If its contacts dip toward each 
other, they might converge a short distance below the surface, and the 
gneiss would have the shape of a huge lens or tube. A tabular shape seems 
to be more probable. 

It is the thesis of the writer that these bodies of Bethlehem gneiss 
were injected during the folding. The foliation is difficult to explain on 
any other hypothesis. It cannot be a foliation induced on a previously 
massive rock. If such a process had been operative in western New 
Hampshire, the Highlandcroft granodiorite would have had a gneissic 
structure imposed upon it. A second and very significant fact is the 
orientation of the inclusions parallel to the foliation. It would be im- 
possible to take a massive rock with diversely oriented inclusions and 
produce such an arrangement. The inclusions must have been oriented 
while the rock was still partly fluid. The foliation cannot be a flow 
structure produced by drag against the walls, for it is found throughout 
the body. The foliation can be best explained as due to flow produced 
by strong compressive forces acting in a northwest-southeast direction. 

On page 530, it has been shown that the Northey Hill thrust has been 
locally obliterated by the intrusion of the Bethlehem gneiss, which indi- 
cates that the gneiss is younger than some of the folding and thrusting. 
On the other hand, the granoblastic texture and local mylonitization 
indicate that strong compressive forces were operative even after the 
rock became completely solidified. 

The attitude of the lineation in the Bethlehem gneiss is one of the 
most compelling reasons, however, for believing that this rock was in- 
truded during the folding. It will be observed from Plate 5 that the 
lineation within the mass of Bethlehem gneiss and in the adjacent meta- 
morphosed sediments and volcanics is parallel. The lineation in the 
sediments and volcanics is parallel to the plunge of the fold axes and was 
developed during the folding. As the same lineation is found in the 
Bethlehem gneiss, the gneiss must have been emplaced before the final 
folding. The Bethlehem gneiss is a synchronous * or syntectonic * in- 
trusion. 


% Marland Billings: The petrology of the North Conway quadrangle in the White Mountains of 
New Hampshire, Proc. Am. Acad. Arts Sci., vol. 63 (1928) p. 134-135. 
% Hans Cloos: Einfiihrung in die Geologie, Berlin (1936) p. 78. 
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The writer visualizes the Bethlehem gneiss as a highly viscous mass, 
rising between nearly vertical walls during the later stages of the folding, 
the wall rocks being under strong horizontal compression. The magma 
made room for itself largely by pushing aside its walls, but partly by 
driving the sediments ahead of it, and, to a limited extent, by stoping. 


Kinsman Quartz Monzonite——The large body of Kinsman quartz mon- 
zonite lies in both the Moosilauke and the Franconia quadrangles, and 
extends southwest into the Rumney and the Plymouth sheets. Some 
facts pertinent to the shape of the body and time of intrusion are as 
follows: (1) The body is at least 20 miles long, averages 4 miles wide, 
and has a maximum width of 6 miles. (2) The contacts are steep. One 
of the most convincing pieces of evidence is the manner in which the 
contact climbs 2000 feet south of Beaver Pond, yet maintains the same 
northward strike that it has along the highway for 114 miles north of 
the pond. (3) The rock is by no means as gneissic as the Bethlehem 
gneiss (PI. 6), but the phenocrysts in places have a parallel orientation, 
and, locally, distinct foliation is present; these structures are either 
vertical or they dip steeply to the west. (4) Inclusions, from a few 
inches to a few feet in maximum dimension, are oriented parallel to the 
phenocrysts and to the foliation. (5) The rock as a whole is by no means 
as strongly granulated as the Bethlehem gneiss. 

In attempts to deduce the shape of the body one is confronted with 
the same difficulties as those that marked the problem of the Bethlehem 
gneiss. The writer believes, however, that the mass must be a gigantic 
lens, with the largest dimension trending southwestward in the northern 
part of the area and southward in the southern part, and the shortest 
dimension perpendicular thereto. 

Because of (1) the general shape of the body, (2) the parallelism of 
the inclusions, phenocrysts, and foliation, and (3) a slight granulation, 
the writer believes that the Kinsman quartz monzonite was forced up 
during the later stages of the folding, making room for itself, as the 
Bethlehem gneiss had done—by pushing apart the walls and pushing some 
of the sediments ahead of it. It is believed, however, to be somewhat 
younger than the Bethlehem gneiss. A complete picture of the réle 
played by this rock must await the mapping of the quadrangles to the 
south. 


French Pond Granite —Exposures of the French Pond granite are poor 
in both the Moosilauke and the Woodsville quadrangles. Sufficient data 
are available, however, to indicate that, in plan, it is roughly circular, 
about half of it lying in the Moosilauke quadrangle. Inspection of the 
geological map shows that on the northeast side of the body the bedding 
and the schistosity of the Ammonoosuc volcanics have been swung around 
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PORPHYRITIC PHASE OF KINSMAN QUARTZ MONZONITE 


From outlet of Beaver Pond, Kinsman Notch, southeast ninth of Moosi- 
lauke quadrangle; x %. Some phenocrysts of potash feldspar show 
characteristic Carlsbad twinning and a rude parallelism. 
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Figure 1. INTRUSIVE PORPHYRITIC AMPHIBOLITE 
Cuts the Littleton formation in the southwest corner of Moosilauke quadrangle; 
x %. 


Figure 2. CHERT-LIKE SILICIFIED ROCK 
From Ammonoosuc thrust, 2 miles north of Littleton, x % (Photo by 
F. P. Orchard) 


INTRUSIVE AMPHIBOLITE AND SILICIFIED ROCK 
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from their customary northeasterly trend into the northwest. This sug- 
gests that the French Pond granite came in by forcing aside the adjacent 
sediments. 


METAMORPHISM 
GENERAL STATEMENT 


The factors involved in the metamorphism were the chemical composi- 
tion of the original materials and the changes in temperature, confining 
pressure, differential pressure, and character of solutions that may have 
been moving through the rocks. Changes resulting from an increase in the 
intensity of metamorphic conditions are described as progressive meta- 
morphism. As will be shown on page 557, rising temperature is believed 
to have been the dominant factor causing a progressive increase in the 
intensity of metamorphism toward the southeast in the Littleton-Moosi- 
lauke area. Changes resulting from a decrease in the intensity of meta- 
morphic conditions may be described as retrograde ** metamorphism. 
Falling temperature is believed to have been the dominant factor caus- 
ing retrograde metamorphism in this area, although introduction of water 
from extraneous sources also played a réle (p. 552). Metamorphism of 
intrusive igneous rocks is discussed, consideration is given to the time of 
the metamorphism relative to orogenic movements and igneous intrusions, 
and the cause of the metamorphism is discussed. 


ZONING 


The change in the degree of metamorphism in a southeasterly direc- 
tion is readily apparent. The cumulative effect of these changes is so 
great that, for a long time, rocks now known to belong to the same forma- 
tions were believed to be of very different ages. Whereas, northwest of 
the Ammonoosuc thrust the rocks are dominantly sandstone, slate, 
calcareous slate, dolomitic slate, rhyolite tuff, and greenstone, composed 
of such minerals as sericite, chlorite, albite, dolomite, calcite, quartz, and 
epidote, to the southeast the rocks are mica schist, calcite-biotite schist, 
actinolite-diopside granulite, biotite gneiss, and amphibolite, composed 
of such minerals as biotite, garnet (almandite), staurolite, sillimanite, 
actinolite, diopside, hornblende, calcite, quartz, and calcic plagioclase. 
Moreover, there is a general coarsening in grain. These changes clearly 
represent progressive metamorphism toward the southeast, for the new 
rocks are farther and farther removed mineralogically from the original 
rocks from which they were derived. 

Zoning is discussed chiefly in reference to the general increase in the 
intensity of the metamorphism toward the southeast, as constant refer- 


% Alfred Harker: Metamorphism (1932) p. 342-357. 
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ence to the local increase around individual intrusions would necessitate 
too much space. 

In order to compare the progressive change in the various lithologic 
types, it is highly desirable to use some one chemical type—e. g., iso- 
chemical series—as a standard for comparison. Aluminous sediments 
are the most sensitive to reaction and, therefore, the most satisfactory. 
Northwest of the Ammonoosuc thrust the Littleton formation contains 
large quantities of slate, which microscopic examination and chemical 
analysis show to be composed essentially of sericite, chlorite, and quartz, 
with minor amounts of albite, rutile, and free carbon. In the Salmon 
Hole Brook and Garnet Hill synclines, however, these same rocks are 
represented by mica schists, composed dominantly of such minerals as 
biotite, muscovite, garnet, staurolite, quartz, and some free carbon. 
Still farther to the southeast, in the Mt. Moosilauke septum, the rocks are 
likewise mica schist, but they are coarser-grained and contain biotite, 
garnet, sillimanite, staurolite, and quartz; it will be observed that silli- 
manite first appears here. 

On the basis of these changes in the aluminous sediments, the rocks 
of the Littleton-Moosilauke area have been classified as belonging to 
three zones: low-grade zone, middle-grade zone, and high-grade zone. In 
adopting such a classification the writer fully realizes that it must be 
considered a temporary device, and that, ultimately, a classification based 
on theoretical consideration must be used. 

On the accompanying geological maps the Grubenmann-Niggli classi- 
fication has also been employed, as, at the time the maps were prepared 
(1934), the mineral associations listed in that classification seemed most 
applicable to the Littleton-Moosilauke area. There are, however, 
several objections to the Grubenmann-Niggli classification. (1) The 
classification is too simple, as it does not clearly differentiate between 
contact and regional metamorphism. (2) The philosophical basis of 
the classification—namely, that the various zones are due to depth of 
burial—is not sound. (8) The term “Zone of katamorphism” has been 
used in a different sense in the American literature.** 

British students of regional metamorphism have advocated a more 
elaborate zoning, based on the appearance of certain index minerals in 
aluminous sediments.** Chlorite is characteristic of the lowest grade of 
metamorphism, and, in passing toward a center of greater metamorphic 
intensity, biotite, garnet (almandite), staurolite, and sillimanite appear, 
in the order given. These general relations seem to hold in the Little- 
ton-Moosilauke area (Fig. 8). Of the four higher index minerals, 


*7R. Van Hise: A treatise on metamorphism, U. 8S. Geol. Survey, Mon. 47 (1904) p. 160. 
% Alfred Harker: op. cit., p. 208-229. 
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Ficure 8.—Appearance of new minerals in progressive metamorphism in the Little- 


biotite is certainly the first to appear. It has been seen in several thin 
sections of argillaceous rocks from northwest of the Ammonoosuc thrust; 
garnet, staurolite, and sillimanite have never been observed there. Garnet 
(almandite) appears half a mile southeast of the Ammonoosuc thrust, 
and staurolite first appears in the Salmon Hole Brook syncline. 
delayed appearance of staurolite relative to garnet, however, may not be 
controlled by physical conditions but by the distribution of the original 
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sediments and volcanic rocks due to the geological structure. The 
rocks for a mile or more southeast of the Ammonoosuc thrust are not 
aluminous, and, hence, are not favorable for the formation of stauro- 
lite. Sillimanite first appears in the southeast corner of the Moosilauke 
quadrangle (except also near the French Pond granite). The British 
zoning scheme has not been adopted, chiefly because a five-fold classi- 
fication would have introduced even greater complexity into the de- 
scriptive sections of this paper, and partly because the isograds can be 
located only approximately. 

The soundest classification philosophically is the facies classification 
proposed by Eskola.*® The use of the term “facies,” however, was 
unfortunate. For the student who is interested in the problems of sedi- 
mentation as well as those of metamorphism, particularly where changes 
in the sedimentary facies and the metamorphic facies are seen in the 
same area, as in the Alps and New England, the dual use of the term 
will always be confusing. Some of the statements concerning mineral 
associations, such as staurolite being in the green schist facies, were in- 
correct. The amphibolite facies was apparently intended to be applied 
to any assemblage of rocks in which amphibolite rather than green schist 
was found, or would be found if rocks of basaltic or andesitic com- 
position were present. In this sense, it would include the middle-grade 
and high-grade zones as designated in the present paper. The ACF dia- 
gram, however, has wollastonite in the lower left-hand corner, meaning 
that, in the amphibolite facies, quartz and calcite cannot exist together 
in equilibrium. This at once restricts the amphibolite facies to the 
highest grades of metamorphism. Harker, in discussing regional meta- 
morphism, says: 

“The noteworthy fact is that quartz also recrystallizes side by side with calcite 


without any mutual reaction; this holds good up to the highest grade, and accord- 
ingly wollastonite does not normally figure as a mineral of regional metamorphism.”™ 


The associations as given in the ACF diagrams thus left unrecognized 
and unnamed a great middle ground between the green schist facies and 
the amphibolite facies. In order to rectify this deficiency, Barth has 
proposed two new facies—the epidote-amphibolite facies** and the 
kyanite schist facies. Amphibolites, however, are found in the epidote- 
amphibolite facies and in the kyanite schist facies, and, thus, one is 
faced with the embarrassing situation that most amphibolites are not in 


*P. Eskola: The mineral facies of rocks, Norsk. Geol. Tid., vol. 6 (1920) p. 143-194, 

# Alfred Harker: op. cit., p. 252. 

“7. F. W. Barth: Kalk- und Skarngesteine im Urgebirge bei Kristiansand, Neu. Jahr. Min. und 
Petrog., vol. 57 (1928) Part A, p. 1069-1108. 

#T. F. W. Barth: Structural and petrologic studies in Dutchess County, New York; Part Il, 
Petrology and metamorphism of the Paleozoic rocks, Geol. Soc. Am., Bull., vol. 47 (1936) p. 775-850. 
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the amphibolite facies. It is unfortunate that the term amphibolite facies 
has not been kept with the broad meaning that Eskola apparently origi- 
nally intended, with sub-facies established within it. Comparing the 
classification followed in the present paper with the facies classifica- 
tion as recently modified by Barth, the low-grade zone is the equivalent 
of the green-schist facies; the middle-grade zone is approximately the 
equivalent of the kyanite schist facies; and the high-grade zone is ap- 
proximately the equivalent of the epidote-amphibolite facies. The details 


Tasie 16.—Relation between classification of metamorphic rocks adopted in this paper 
and other classifications 


This Poper | Harker Eskola, 1920 Barth, 1996 
Low-grade zone Epizone Chlorite zone Green schist facies | Green schist facies 
Biotite zone 
Middle-grade zone} Mesozone Garnet zone Kyanite schist facies 
Staurolite zone | Amphibolite facies 
High-grade zone | Katazone Sillimanite zone Epidote amphibolite facies 


of the mineral associations observed by the writer, however, do not agree 
with the associations given in Barth’s diagrams. 

There was another reason for adopting a zoning classification rather 
than a facies classification. The engraving and printing of the colored 
geological maps was financed by the State of New Hampshire, primarily 
to accompany a pamphlet by the writer, Geology of the Littleton and 
Moosilauke Quadrangles, published in 1935, which it was hoped would be 
of service to non-professional, as well as to professional, geologists. Sur- 
plus maps were available for the present publication. It was felt that the 
concept of zoning would be grasped much more readily than the idea of 
facies, for zoning is encountered in every-day life, in postal zones, fare 
zones, and zoning of cities into residential and business districts. 

In Table 16 the relation between the classification adopted in this 
paper and other classifications is given as closely as can be established. 

The manner in which rocks of originally the same composition vary 
progressively in the three zones is shown in Table 17. In order to make 
the picture more complete, the inferred initial character of the various 
types is also shown. This table shows the behavior of many isochemical 
series in three isophysical zones. 

In addition to the mineralogical transformations that take place during 
progressive metamorphism, there is a coarsening in grain, particularly in 
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the argillaceous rocks. For example, the slate of the low-grade zone is so 
fine-grained that the individual minerals cannot be distinguished with 
the naked eye; in the garnet and staurolite schists, however, the ground- 
mass is somewhat coarser than in the low-grade equivalent, and the 
porphyroblasts are, of course, much larger. In the sillimanite schists of 
the high-grade zone, although the sillimanite porphyroblasts are not so 
large as the staurolite porphyroblasts of the middle-grade: zone, the 
groundmass is coarser than in either of the other two zones. The ground- 
mass of the Clough conglomerate coarsens toward the southeast. 


CHANGES IN CHEMICAL COMPOSITION 


To study the changes in chemical composition during regional meta- 
morphism would necessitate an extremely detailed study. A few chemical 
analyses in themselves may prove little. If comparisons are to be made 
between two specimens from two different zones, it must be shown that 
the original material was the same. This is difficult to do. 

The available data in the Littleton-Moosilauke area indicate that there 
has been no important change in the chemical composition of the sedi- 
mentary and volcanic rocks, except for the following: Water and carbon 
dioxide have been added to the basic volcanics in the low-grade zone. 
Water and carbon dioxide have been subtracted from the sedimentary 
rocks involved in the higher grades of metamorphism. In calcareous 
rocks the reaction of dolomite and quartz to form tremolite and diop- 
side has released carbon dioxide. It is well known that paraschists have 
less water than have the sediments from which they were derived; hence, 
water must be driven off during regional metamorphism. The presence 
of tourmaline in the metamorphic rocks, and particularly its abundance 
near some of the igneous masses, indicates that boron has been introduced. 

Analyses of basic volcanics from the low-grade and middle-grade 
zones (Table 19, analyses 9, 10, and 11)—none are available for the 
high-grade zone—show an unusually high soda-lime ratio. As this is 
characteristic of all the pre-metamorphism basic volcanics of the region, 
regardless of age, it is believed to be due to changes in composition ac- 
companying the regional metamorphism. Calculations show that this 
high soda-lime ratio cannot be due to a relative increase in the soda-lime 
ratio because of loss of lime, but involves both the loss of lime and the 
addition of soda. The siliceous voleanics show a similar high soda con- 
tent. The plutonic rocks to the southeast may be the source of the 
soda-bearing solutions. 

Granitization and lit-par-lit injection are not common in the Littleton- 
Moosilauke area. Soaking by the Moody Ledge granite has been men- 
tioned on page 509. In a few localities on the east slope of Mt. Moosi- 
lauke, within half a mile of the contact with the Kinsman quartz mon- 
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Hypothetical Formations in 
original rock which found 
Shale Littleton Slate: sericite 32, quartz 31, chlorite 25, 
Partridge albite 11, rutile tr, pyrite tr, zircon tr. 
Albee 
Fitch 
Arenaceous shale and | Littleton Arenaceous slate and slaty sandstone: 
argillaceous sand- | Partridge quartz and a little feldspar 70-85, 
stone Ammonoosuc sericite 9-19, chlorite 3-9, carbon 3, 
Albee ilmenite 0-2, zircon tr, rutile tr, tour- 
maline tr. 
Pure sandstone and | Clough Quartzite and quartz conglomerate: quarts 
quartz conglom- Albee 82-98, chlorite 0-5, sericite 0-13, 
erate Fitch albite 0-2, leucoxene 0-2, ilmenite 0-2. 
Arkose Fitch Arkose: quarts 45, potash feldspar 46, 
sericite 4, albite 4, limonite 1. 
Limestone Fitch Limestone and marble: calcite 88-94, 
quartz 2-6, sericite 1-3, dolomite 0-2, 
limonite 0-1, carbon 0-2, chlorite tr. 
Calcareous shale Fitch Calcareous slate: sericite 47, quartz 21, 
Fr chlorite 14, calcite 12, potash feldspar 
i 4, pyrite 1, zircon tr, rutile tr, car- 
5 bon 1. 
Calcareous sandstone | Fitch Calcareous sandstone and ar lime- 
and arenaceous stone: calcite 35-60, quartz 36-54, 
limestone sericite 3-7, pyrite 0-1, albite 0-4, 
potash feldspar 0-tr, zircon 0-tr. 
j Cal Fitch Calcareous arenaceous slate: quartz 465, 
; shale calcite 30, sericite 10, chlorite 10, 
biotite* 5. 
: Arenaceous dolomite | Fitch (not observed) 
: Dolomitic sandstone | Fitch (not observed) 
i Dolomitic shale Fitch Dolomitic slate: quarts 33, dolomite 16, 
{ sericite 22, chlorite 11, albite 11, 
4 potash feldspar 7. 
Arenaceous dolomitic | Fitch Arenaceous dolomitic limestone: calcite 
i limestone 51-52, dolomite 6-35, quarts 8-22, 
chlorite 5-6, sericite 1-7, albite 0-6, 
| rutile tr. 
: Soda-rhyolite tuff, Ammonoosuc Soda-rhyolite tuff, breccia, and volcanic 
! breccia, and vol- | Littleton conglomerate. Larger crystals: quartz 
canic conglomerate 5-20, albite 10-25. Groundmass: 
quartz-feldspar mosaic 50-65, sericite 
5-12, chlorite 0-6, epidote 0-tr, calcite 
magnetite 0-2, apatite 0-tr, 
rutile 0-tr, limonite 0-1, leucoxene 0-2. 
Andesite and basalt | Ammonoosuc Greenstone: albite 20-50, chlorite 12-40, 
flows, tuffs, breccias | Littleton calcite 0-25, epidote 0-22, sericite 0-15, 
quarts tr-15, leucoxene 0-7, pyrite 
0-1N, biotite 0-5, actinolitic amphibole 
Basic dikes Intrusive Greenstone: albite 35, ankerite 26, chlor- 
ite 22, sericite 9, quartz 3, leucoxene 
and titanite 3, epidote 1, pyrite 1, 
ilmenite tr, actinolitic amphibole tr, 
rutile tr, apatite tr. 


Tasiz 17—Mineralogical character of the different i 
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* This biotite is pleochroic in shades of green; it suggests the beginning of middle-, 
One thin section, near the contact with the Kinsman quartz monzonite, shows cor 
‘Theoretically minerale so marked cannot exist in equilibelum in the snes in whicl 
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the different isochemical series in each of the three isophysical zones 


(Epizone) Middle-grade zone (Mesozone) High-grade sone (Katazone) 
; 31, chlorite 25, | Mica schist. Porphyroblasts: biotite 0-20,| Mica schist: quarts 40-50, muscovite 
rite tr, zircon tr. garnet 0-15, staurolite 0-3. Ground- 13-30, biotite 11-25, garnet 0-10, 
mass: quartz 40, muscovite 22-30, staurolitet 0-12, sillimanite 0-7, oligo- 
biotite 0-12, carbon 0-3, magnetite clase 0-5, chloritet 0-15, magnetite 0-3, 
0-2, pyrite 1-3, tourmaline tr. andalusitef. 
slaty sandstone: | Mica-quartz schists and quartz-mica schist. | Mica-quartz schist and quartz-mica schist: 
feldspar 70-85, Porphyroblasts: garnet 2-3. Ground- quartz, muscovite, biotite, garnet, 
3-9, carbon 3, mass: quarts 72-85, muscovite 0-9, staurolitet, sillimanite, chloritet, mag- 
, Tutile tr, tour- biotite 9-11, magnetite 2-3, carbon 0-1, netite. 
pyrite 0-1, apatite tr, tourmaline tr. 
lomerate: quarts | Quartzite and quartz conglomerate: quartz 
sericite 0-13, 91, muscovite 4, garnet tr, biotite tr, | (absent) 
-2, ilmenite 0-2. chlorite tr, chloritoid tr, potash feld- 
spar 2, st lite tr, magnetite tr. 
sh feldspar 46, | Arkose: quartz 55, oligoclase 43, musco- | (absent) 
mite 1. vite 1, biotite 1. 
calcite 88-94, | Marble: calcite 90, quartz 4, biotite 3, 
3, dolomite 0-2, 2, epidote 1, pyrite tr, | (absent) 
2, chlorite tr. pre tr. 
47, quartz 21, | Biotite-calcite schist: quartz 30-35, biotite 
potash feldspar 20, calcite 20-25, muscovite 0-15, | (absent) 
rutile tr, car- labradorite 0-33, pyrite 2, titanite 0-3, 
apatite tr. 
arenaceous lime- | Calcareous dstone and ar mar- 
quartz 36-54, ble: calcite 30-60, quartz 35-53, biotite 
-1, albite 0-4, 1-3, muscovite 2-4, chloritet 2-7, | (absent) 
‘con 0-tr. leucoxene 0-2, rutile 0-tr, tourmaline 
0-1, apatite 0-tr. 
we: quartz 45, | Biotite-anorthite schist: quarts 32, mus- 
), chlorite 10, covite 4, anorthite 46, biotite 18. (absent) 
potash Saldigns’ 10, labradorite 10, | (absent) 
actinolite 10, titanite 2, zoisite 5, 
calcite 5. 
Quartz-diopside-actinolite gr : quarts 
46-60, diopside 19-21, ok feldspar | (absent) 
10-13, labradorite 10-11, actinolite 1-6, 
titanite 0-tr, calcite 0-2, zoisite 0-2. 
}, dolomite 16, | Actinolite-biotite schist and biotite-horn- 
11, albite 11, blende schist: biotite 8-54, quartz 10-36, 
labradorite or bytownite 23-26, actino- | (absent) 
lite or hornblende 10-27, calcite 0-10, 
titanite 2-5, epidote 0-1, pyrite 0-1, 
chloritet 0-tr, tourmaline 0-tr. 
estone: calcite | Actinolite-calcite schist: actinolite 45-53, 
quartz 8-22, calcite 20-43, labradorite 0-20, quartz | (absent) 
‘7, albite 0-6, 2-10, titanite 0-5, biotite 0-2, tour- 
maline 0-tr. 
_ and voleanic | Fine-grained biotite gneiss, which may be | Fine-grained biotite gneiss: oligoclase 45, 
-ystals: quartz conglomeratic. Larger crystals: quartz quartz 35, biotite 10, muscovite 5, 
Groundmass: 2-14, albite 1-16. Groundmass: garnet 3. 
50-65, sericite quartz-feldspar mosaic 58-81, biotite 
te 0-tr, calcite 1-20, muscovite 2-15, calcite 0-12, 
apatite 0O-tr, magnetite 0-tr, epidote 0-1, chloritet 
leucoxene 0-2. 0-1, garnet tr, apatite tr, leucoxene tr. 
hlorite 12-40, | Amphibolite: hornblende 20-60, andesine | Amphibolite: andesine 25, hornblende 60, 
, sericite 0-15, 25-52, epidote 0-15, biotite 0-20, biotite 5, leucoxene 5, quartz tr, limon- 
ep 0-7, pyrite quarts 0-10, sericitet 0-20, chloritet ite tr. 
itic amphibole 0-15, titanite 0-3, microcline 0-10, 
magnetite 0-5, carbonate 0-2. 
rite 26, chlor- | Amphibolite: hornblende 50, andesine 36. 
3, leucoxene biotite 6, quartz 4, epidote 1, carbon- 
1, pyrite 1, ate 1, pyrite 1, titanite tr, garnet tr. (not observed) 
amphibole tr, 
inning of middle-grade conditions. 


nzonite, shows considerable andalusite; it may be a contact metamorphic effect. 
the zones in which they are found and in most instances they are of retrograde origin. 
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zonite, there are small zones, a few feet wide, of injection gneiss. Farther 
east in the White Mountains the schists in many localities have been 
thoroughly penetrated and altered by igneous intrusions, and there has 
been a great deal of interchange of material. 

EQUILIBRIUM RELATIONS 

General Factors—Metamorphism is in part a problem in chemical 
equilibrium. In a rock of definite bulk composition, only certain minerals 
can exist together in equilibrium under a given set of physical conditions, 
which are controlled largely by temperature, confining pressure, and 
perhaps differential pressure. With changing physical conditions, how- 
ever, this mineral combination may no longer be stable, and a new mineral 
assemblage will develop. Some of the old minerals may persist, but 
others are doomed to extinction under the new regime. 

The degree to which equilibrium is attained depends upon: (1) the 
rate of reaction; (2) the size of the constituent particles; (3) whether 
a solution is present to aid the reaction.** With increasing intensity of 
metamorphic conditions, equilibrium is more readily attained than with 
falling intensity. It is sometimes difficult to be certain whether equilibrium 
has actually been reached. Several lines of negative evidence, however, 
may be used. (1) If the number of minerals exceeds the number of 
oxides, equilibrium has not been reached; this idea is expressed by the 
mineralogical phase rule ** and by ternary diagrams, such as Eskola’s ACF 
diagram. If metamorphism was effective at some invariant point, the 
number of minerals might exceed the number of oxides, but such a situ- 
ation is unlikely. (2) If the law of double salts *° is violated, equilibrium 
is not reached. (3) If two minerals that are restricted to different zones 
are found associated, the rock is out of equilibrium; this introduces the 
danger, however, of arguing in a circle. 

As rocks are such complex chemical assemblages, in applying the above 
principles to the Littleton-Moosilauke area, one may consider the equi- 
librium relations of the various minerals. 


Quartz—Quartz is found in all the metamorphic zones. This is char- 
acteristic of all areas of metamorphism and means that quartz has a long 
range of stability. Practically all the rocks of the Littleton-Moosilauke 
area contain quartz, the only exceptions being some of the marbles, a 
diopside-actinolite granulite, and some of the greenstones and amphib- 
olites. In general, however, metamorphism went on with sufficient silica 
to form saturated minerals. 


4 Alfred Harker: Metamorphism (1932) p. 1-20. 
J. Johnston and Paul Niggli: The general principles underlying metamorphic processes, Jour. Geol., 
vol. 21 (1913) p. 481-516, 588-624. 
“VY. M. Goldschmidt: Die Kontakmetamorphose im Kristianiagebiet (1912) p. 123. 
Ibid. 
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Dolomite, Actinolite, Diopside——Dolomite has been observed only in 
the low-grade zone, for dolomite, with its relatively low dissociation-pres- 
sure as compared with calcite, readily reacts with quartz. In arenaceous 
dolomitic rocks with little or no argillaceous material, either tremolite 
(actinolite if some iron is available) or diopside (diopside-hedenbergite 
if some iron is available) are formed. Optical data show that in the 
middle-grade Fitch formation the amphibole is actinolite with 80 per 
cent CaMg,Si,O,. and 20 per cent CaFe,Si,O,.; the pyroxene is diopside- 
hedenbergite with 80 per cent diopside, 20 per cent hedenbergite. 

Tremolite forms according to the equation: 

5 Dolomite +- 8 Quartz + 1 Water = 2 Tremolite + 3 Calcite + 10 
Carbon Dioxide (1) 

As dolomite, quartz, and tremolite have never been observed together 
in the area, the writer concludes that equilibrium conditions were at- 
tained in rocks of this particular composition. 

Diopside may form either directly or indirectly from the reaction of 
dolomite and quartz, according to the equations: 

1 Dolomite + 2 Quartz = 1 Diopside + 2 Carbon Dioxide (2) 
1 Tremolite +3 Calcite -+ 2 Quartz =< 5 Diopside + 3 Carbon Di- 
oxide -+ 1 Water (3) 

Theoretically, diopside, calcite, tremolite, and quartz cannot exist to- 
gether in equilibrium. One specimen (Table 19, analysis 4) shows such 
a combination, however, and indicates lack of equilibrium. 

Actinolite resulting from the dolomite-quartz reaction has been ob- 
served in the Fitch formation, along the Ammonoosuc River southwest 
of Barrett, and farther to the southeast, but has never been observed 
northwest of the Ammonoosuc River. Diopside, derived either directly 
or indirectly from the dolomite-quartz reaction, has been observed in 
the Fitch formation around Northey Hill and farther to the southeast, 
but never to the northwest. The writer concludes that, northwest of the 
Ammonoosuc thrust, physical conditions were such that dolomite and 
quartz could exist together in equilibrium, but, between the Ammonoosuc 
and the Northey Hill thrusts, conditions were such that the quartz and 
the dolomite combined to form tremolite, and, southeast of the Northey 
Hill thrust, conditions were still more intense, and diopside formed. 

In general, diopside is considered a relatively high temperature mineral 
and is placed in the katazone by Grubenmann and Niggli.“* In this 
area, however, diopside appears in the midst of the staurolite zone. Thus, 
diopside develops in rocks that were originally dolomitic, under condi- 
tions of less intense metamorphism than does sillimanite. Harker *’ 


6U. Grubenmann and Paul Niggli: Die Gesteinsmet phose (1924) p. 398. 
#7 Alfred Harker: op. cit., p. 256. 
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has made a somewhat similar observation, for he states that one must 
go well into the garnet zone, as determined by the argillaceous sedi- 
ments, to find diopside. 

In this discussion, it has been assumed that all the components of the 
tremolite and diopside rocks were present in the original sediment. Is 
it possible that iron and magnesia were added from outside sources to 
sediments originally composed of calcite and quartz? The answer is that 
impure dolomites are as abundant in the low-grade zone as tremolite and 
diopside rocks are in the middle-grade zone. 

If sericite is present, dolomite and quartz react with it in the middle- 
grade zone to form biotite, anorthite, and calcite: 

6 Dolomite +- 4 Quartz + 1 Sericite = 1 Biotite + 2 Anorthite + 4 Cal- 
cite + 8 Carbon Dioxide (4) 

The anorthite combines with whatever albite is present to form inter- 
mediate plagioclase. Much of the plagioclase associated with biotite 
in the Fitch formation of the middle-grade zone is probably the result of 
the above reaction. In all the thin sections studied, neither diopside nor 
tremolite has been found associated with muscovite. The equation ex- 
plains this fact, for, as long as any muscovite (sericite) was available, 
biotite formed in preference to diopside or tremolite. 


Calcite—Calcite is abundant in both the low-grade and the middle- 
grade zone; its absence in the rocks of the high-grade zone is due to the 
lack of sediments of favorable composition. Calcite and quartz are 
found together in the low and middle zones in calcareous sandstones and 
arenaceous marbles, indicating that they can exist together in equilib- 
rium; according to Harker,** this relation continues well into the high- 
grade zone. According to equation (3), however, calcite, tremolite, and 
quartz react to form diopside in the more intense portions of the middle- 
grade zone. Calcite is also common in the metamorphosed basic igneous 
rocks of the low-grade zone; the lime has been derived from the break- 
down of femic minera!s or from plagioclase, and the carbon dioxide has 
been introduced. 


Plagioclase feldspar—tIn the low-grade zone, albite or albite-oligoclase 
is the stable plagioclase. In the volcanic rocks of the Ammonoosuc and 
Littleton formations, as well as in such plutonic rocks as the Moulton 
diorite and Highlandcroft granodiorite, the primary plagioclase has 
broken down to albite, and either calcite or epidote, with the release of 
some sericite. Whether calcite or epidote forms, depends on the avail- 
ability of carbon dioxide. Although some intermediate or calcic plagio- 
clase might persist as unstable relicts, neither has been observed. 


Op. cit., p. 252. 
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Albite may persist into the higher zones, if no anorthite, or material 
from which anorthite might be formed, is available. The fine-grained 
biotite gneisses, derived from soda-rhyolites, have albite or albite-oligo- 
clase as the sole plagioclase (Tables 3 and 8); all these specimens come 
from the middle-grade zone. Under favorable chemical conditions, 
there is no reason why albite should not persist into the high-grade zone, 
but, in all the thin sections examined from this zone, plagioclase more 
sodic than Anz was not observed. 

If anorthite or potential anorthite is available, it combines with albite 
to form intermediate or calcic plagioclase. In schists (Table 5) found 
associated with fossiliferous marble southwest of North Lisbon School, 
the plagioclase is bytownite-anorthite (An,.). This is in the middle 
part of the middle-grade zone, in the upper garnet or lower staurolite 
zone of the British classification. This suggests that when physical con- 
ditions are favorable for more than 10 per cent anorthite to combine with 
albite, the amount of anorthite that may go into solid solution with the 
albite is practically unlimited. 

The anorthite molecule may be derived in a variety of ways. Equa- 
tion (4) shows one way—the reaction of dolomite and sericite. Another 
possibility in impure limestones is: 

3 Calcite + 1 Chlorite + 7 Quartz = 1 Anorthite +1 Hornblende + 3 
Carbon Dioxide + 3 Water (5) 

Anorthite may form in this way from either calcareous sediments or 
from low-grade basic volcanics. Many of the low-grade basic volcanics 
have no carbonate, and all the lime is present in epidote (Table 3). In 
such a case, anorthite may be derived: 

3 Epidote + 1 Chlorite + 7 Quartz = 10 Anorthite + 1 Hornblende + 6 
Water (6) 

Some of the anorthite molecule in the higher zones might be a relict 

mineral. 


Chlorite—Chlorite is widespread and is abundant in all zones. In gen- 
eral, in Winchell’s classification,*® the composition ranges around penni- 
nite, diabantite, and ripidolite—that is, toward the magnesian end of the 
series. The chlorite northwest of the Ammonoosuc thrust is the product 
of equilibrium conditions during progressive metamorphism. Most of 
the chlorite southeast of the Ammonoosuc thrust, however, is believed 
to be either (1) material that was subjected to middle-grade conditions 
and failed to attain equilibrium (p. 551) or (2) retrograde chlorite (p. 
552). 


# A. N. Winchell: Elements of optical mineralogy, Part 2, Description of minerals, 2nd ed. (1927) 
p. 373-383. 
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Biotite—Biotite is, in general, confined to that portion of the area 
southeast of the Ammonoosuc thrust, but no chemical study has been 
made. Most of the biotite is the product of the recrystallization of ini- 
tially argillaceous material, but some is the result of reaction between 
dolomite, sericite, and quartz (p. 547). 

In a belt 2 miles wide, northwest of the Ammonoosuc thrust, a “green 
biotite,” pleochroic in yellow and green, and with a birefringence of 0.030, 
has been seen in a few thin sections, but has never been observed mega- 
scopically. The presence of biotite in this area indicates that: (1) biotite 
arises under less intense metamorphic conditions than do garnet, stauro- 
lite, and sillimanite; (2) physical conditions northwest of the Ammo- 
noosuc thrust just barely reached sufficient intensity to develop biotite. 


Garnet.—Garnet first appears half a mile southeast of the Ammonoosuc 
thrust. It is found in all the formations, but has been carefully studied 
only in the Littleton formation. Generally, it is in euhedral crystals, 
bounded by dodecahedrons and trapezohedrons, from 0.5 to 2.0 milli- 
meters across. In both the middle and the high-grade zones the garnet 
is almandite with a small amount of spessartite and pyrope in solid solu- 
tion (p. 491; Table 19, column 22). 


Staurolite—Staurolite is confined to the aluminous sediments and first 
appears in the Littleton formation in the Salmon Hole syncline. In its 
most characteristic development, it is found as far southeast as the mass 
of Bethlehem gneiss extending through Mt. Clough. It is seen as euhe- 
dral porphyroblasts, diversely oriented, 1 to 10 centimeters long; twins 
are common (p. 491). In some instances, it is entirely free from foreign 
inclusions; in others, it carries more or less quartz and mica; and in 
still others, it is only a skeleton crystal. The diverse orientation and 
freedom from fractures indicate that the staurolite is younger than the 
main folding (see, however, p. 554). Staurolite is also found in the 
zone of high-grade metamorphism, as a retrograde mineral (p. 551). 


Sillimanite —Sillimanite is the index for the high-grade zone and, there- 
fore, could exist only under the most intense conditions of metamorphism. 
It is, of course, confined to the highly aluminous sediments and forms 
instead of staurolite and muscovite. The fate of sillimanite under con- 
ditions of falling metamorphic intensity is discussed on page 551. 


Amphibole—Amphibole is, in general, confined to the middle-grade 
and high-grade zones in the Littleton-Moosilauke area. It is found 
chiefly in the amphibolites, which are partly of volcanic, partly of intru- 
sive, origin. Optical data show that this amphibole is relatively uniform 
throughout the area, and the chemical analysis (Table 19, column 20) 
shows that it is common hornblende, with considerable alumina and very 
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little soda, despite the fairly strong bluish color parallel to Z. This 
particular hornblende has never been observed in the low-grade zone, 
and was not in equilibrium under the conditions existing there. 

Another amphibole that exists in equilibrium in the middle-grade zone 
is the actinolite, which has been observed in the diopside-actinolite granu- 
lite, actinolite-biotite schist, and actinolite-calcite schist. This amphi- 
bole is the product of reaction between dolomite and quartz, in accord- 
ance with the equations given on page 546. 

In the low-grade metamorphosed basic igneous rocks, amphibole is 
generally absent, the exceptions being (1) the small body of meta- 
andesite porphyry breccia in the Ammonoosuc volcanics, 3 miles west- 
northwest of Littleton (p. 477); (2) the volcanics near the base of the 
Littleton formation south of Parker Hill (Table 8); (3) the Moulton 
diorite (Table 12); (4) the Highlandcroft granodiorite (p. 499). The 
amphibole in the first three of these rocks is secondary, as indicated by 
its fibrous and irregular character. Its pleochroic colors are much less 
intense than are those of the amphibole in the middle-grade zone, and 
its indices indicate that it is an actinolitic amphibole. 

Wiseman has studied the change in composition of the amphiboles in 
the progressive metamorphism of basic igneous rocks. He found that in 
the middle-grade zone the amphibole was common hornblende, with a 
chemical composition very similar to that from the Littleton-Moosi- 
lauke area. In the low-grade rocks, the amphibole, which is best classed 
as actinolitic amphibole, has a much lower content of Al,O; and a much 
higher MgO/FeO ratio. 

One concludes that actinolitic amphibole can exist in equilibrium in 
metamorphosed basic igneous rocks in the low-grade zone, under certain 
conditions. The writer has observed a similar amphibole in the Boston 
Basin in the metamorphosed basic volcanic rocks, which are associated 
with typical low-grade sediments. Grubenmann and Niggli® also list 
“actinolite” as existing in the epizone, under equilibrium conditions. 
One possible factor favoring the development of hornblende instead of 
chlorite is massiveness of the rocks. In well-bedded tuffs, which can 
readily shear, the formation of amphibole is apparently prohibited and 
chlorite-epidote rocks develop instead. Turner has rather fully dis- 
cussed the equilibrium relations of hornblende in the low-grade zone. 

Common hornblende has also been observed in the Highlandcroft 
granodiorite. It is considered to be a relict mineral of magmatic origin. 
It is discussed more fully on page 553. 


5° U. Grubenmann and P. Niggli: op. cit., p. 398. 
&F. J. Turner: Contribution to the interpretation of mineral facies in metamorphic rocks, Am. 
Jour. Sci., vol. 29 (1935) p. 409-421. 
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Rutile—Rutile, rather common in the low-grade zone, generally com- 
bines with lime and silica in the mesozone to form sphene. 


PROGRESSIVE DISEQUILIBRIUM ROCKS 


Rocks may be subjected to certain physical conditions, but equilibrium 
is only partially attained. Such rocks can be called disequilibrium rocks.*? 
They may represent failure to attain equilibrium under conditions of ris- 
ing metamorphic intensity, in which case they can be called progressive 
disequilibrium rocks, or they may represent failure to attain equilibrium 
under conditions of falling metamorphic intensity, in which case they 
can be called retrograde disequilibrium rocks. Criteria for recognizing 
disequilibrium rocks are given on page 545. 

There is one criterion for identifying disequilibrium rocks as of pro- 
gressive origin; this is the presence of porphyroblasts of minerals repre- 
senting higher metamorphic conditions in a groundmass of minerals repre- 
senting lower metamorphic conditions; for example, biotite porphyro- 
blasts in a groundmass of sericite, chlorite, and quartz (Pl. 8, fig. 1). 
The groundmass represents minerals developed under low-grade condi- 
tions; when middle-grade conditions were attained, large biotite crystals 
began to form at the expense of sericite and chlorite. Sufficient time did 
not elapse, however, for the attainment of complete equilibrium. 

West of Lisbon, there is a large area of progressive disequilibrium rocks 
(p. 472, 478), representing strata that were subjected to middle-grade 
conditions, but were not held there long enough to reach equilibrium. 
Some of these are from the Albee formation and were originally shales or 
quartzites, but they now carry porphyroblasts of biotite or garnet in a 
groundmass of sericite, chlorite, quartz, and some feldspar. The Am- 
monoosuc volcanics in this area show similar features; the basic types 
were particularly studied (Pl. 8, fig. 4). Hornblende and biotite por- 
phyroblasts are set in a groundmass of chlorite, carbonate, epidote, ande- 
sine-oligoclase, and quartz. It will be observed that, in this instance, the 
plagioclase of the groundmass more closely resembles middle-grade 
feldspar. 

RETROGRADE METAMORPHISM 

Harker, Knopf, and Becke ** have emphasized the importance of retro- 
grade metamorphism. Some of the staurolite, muscovite, and chlorite of 
the Littleton-Moosilauke are of retrograde origin. 

On the east slopes of Mt. Clough and on the west slopes of Mt. Moosi- 
lauke, porphyroblasts of sillimanite have been more or less completely 
replaced by an aggregate of small crystals of staurolite and muscovite; 


53. B. Knopf: Retrogressive metamorphism and phyllonitization, part I, Am. Jour. Sci., vol. 21 


(1931) p. 1-27. 
88 F. Becke: Uber Diapthorite, Tschermak’s Min. und Petro. Mitt., vol. 28 (1909) p. 369 et seq. 
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in some instances, this aggregate is a shell around solid sillimanite; in 
others, it has completely replaced the sillimanite. The groundmass of 
the rock consists of quartz, biotite, and muscovite. The staurolite and 
muscovite are the products of reaction between sillimanite and biotite, 
according to the equation: 

Sillimanite + Biotite + Water = Staurolite + Muscovite (7) 

The right side of this equation is stable at lower temperatures; the left 
side, at higher temperatures. These pseudomorphs are significant for 
several reasons: (1) The reaction involves no change in bulk composition, 
except addition of water. (2) The reaction is not a weathering phe- 
nomenon, for staurolite cannot be of such origin. (3) If Harker’s concept 
that staurolite is a stress mineral be correct, the region must have been 
under some horizontal compression when the reaction took place; folding, 
however, need not have taken place. 

Much of the chlorite in the higher zones is of retrograde origin. It has 
been observed as a shell around garnet (PI. 10, fig. 2), staurolite, and 
biotite, and, in some cases, has completely replaced the original mineral. 
Another proof of its secondary origin is the presence of a sagenite network 
in the chlorite, a feature generally accepted as evidence that it is descended 
from some other mineral, usually biotite. Much of the chlorite in the 
higher zones, however, does not give any direct evidence of its secondary 
origin. 

The more intense types of retrograde metamorphism discussed by E. B. 
Knopf, such as the conversion of middle-grade and high-grade rocks into 
phyllonites with a typical low-grade appearance and mineral assemblage, 
have not been observed. There is no evidence that the retrograde processes 
already described bear any relation to special structural features, such 
as thrust faults; rather, the retrograde minerals appear sporadically 
throughout the area. Moreover, the retrograde minerals have a higher 
water content than do the minerals from which they were derived. 
Harker ™ believes that the normal water content of the schists is able to 
supply all the water that is necessary, but the writer thinks that it is 
more likely that water is introduced from external sources. If this be true, 
then the type of retrograde metamorphism already described is a phase of 
hydrothermal alteration. Thus, the retrograde processes might be facili- 
tated near faults, but would not necessarily be confined to their vicinity. 


NET RESULT OF PROGRESSIVE AND RETROGRADE METAMORPHISM 
Retrograde metamorphism introduces complications into the study of 
the rocks. In every specimen, one must consider whether the assemblage 
of minerals represents equilibrium or disequilibrium, and, if the latter, 
which minerals are progressive and which are retrograde. For example, in 


% Alfred Harker: Metamorphism (1932) p. 344. 
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a rock composed of staurolite, garnet, muscovite, quartz, and chlorite, 
there is the problem whether the chlorite is a relict mineral from the low- 
grade zone, or is a retrograde mineral. If it is pseudomorphic after por- 
phyroblasts, such as staurolite, garnet, or biotite, it is retrograde, but if it 
is present as small flakes in the groundmass, it is probably a relict from 
the low-grade zone. Special complications are introduced when a progres- 
sive disequilibrium rock suffers retrograde metamorphism. Some grains 
of a particular mineral may be relicts of the progressive stage; others may 
be retrograde in origin. Some of the chlorite in the rocks around Lisbon 
is pseudomorphic after porphyroblasts of middle-grade minerals, but some 
is in the groundmass and is a relict of the low-grade zone. 


METAMORPHISM OF INTRUSIVE ROCKS 


There are a number of intrusive rocks that are older than the regional 
metamorphism. These include the Highlandcroft granodiorite, the Moul- 
ton diorite, the Owls Head granite, and basic dikes and sills. 

The Highlandcroft granodiorite was intruded in pre-Silurian time (late 
Ordovician ?) and consists of saussurite, microcline, hornblende, quartz, 
“green biotite”, and chlorite. Geographically, it lies in the low-grade 
zone, as determined by the sedimentary rocks, and one would expect cer- 
tain of the original igneous minerals to break down and new minerals, 
which are in equilibrium in the low-grade zone, to develop. The original 
plagioclase, probably andesine, was out of equilibrium in the low-grade 
zone and has been replaced by albite-oligoclase, epidote, and sericite. The 
hornblende is apparently a relict of the magmatic stage. The “green 
biotite”, which is found, in places, as a shell around the hornblende, is 
of metamorphic origin. It is similar to the biotite found in a few of the 
stratified rocks in the low-grade zone and is a low-temperature biotite that 
is in equilibrium at the very beginning of middle-grade conditions. 

The Moulton diorite has also been metamorphosed under low-grade con- 
ditions. Most of its minerals—albite, epidote, clinozoisite, sericite, actin- 
olitic amphibole (low in alumina), chlorite and carbonate, with minor 
amounts of “green biotite”, ilmenite, and leucoxene—are low-grade. The 
first four minerals are the result of the saussuritization of labradorite, 
for some specimens have an ophitic texture. The actinolitic amphibole 
has ragged borders and is secondary. The biotite is the low-temperature 
form already mentioned. Pyroxene has been observed in only one speci- 
men, where it forms the core of amphibole crystals; it is a relict from 
the original rock. 

Basic dikes and sills older than the metamorphism are abundant in all 
three zones and, in all instances, apparently attained equilibrium. The 
present composition indicates that these rocks were originally basaltic; 
moreover, a relict of ophitic texture in some of the low-grade rocks con- 
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firms this deduction. Some of the dikes and sills were originally por- 
phyritic, and they still preserve the form of the original phenocrysts, 
although the composition of the phenocrysts is now different. 

In the low-grade zone the essential minerals are albite-oligoclase, an- 
kerite, chlorite, and muscovite, with minor quantities of quartz, leucoxene, 
epidote, pyrite, ilmenite, hornblende, rutile, and apatite. This is a typical 
low-grade assemblage and indicates the attainment of equilibrium. The 
large amount of carbonate shows that considerable carbon dioxide has 
been introduced, but this may have been added before the regional meta- 
morphism. 

In the higher zones, rocks of the same origin have recrystallized to com- 
mon hornblende, andesine-oligoclase, and biotite, with minor amounts of 
quartz, epidote, carbonate, magnetite, chlorite, pyrite, sphene, and garnet. 
With the exception of a few of the rarer minerals, this is a typical middle- 
grade assemblage and indicates that equilibrium was attained. 

The Owls Head granite has been through the period of regional meta- 
morphism. As it lies in the middle-grade zone, most of the original 
minerals were not out of equilibrium, and they have persisted. The grano- 
blastic and cataclastic texture indicate that the Owls Head granite has 
been subjected to post-consolidation deformation. 


TIME OF METAMORPHISM 

Before discussing the cause of the metamorphism, it is essential to 
determine the chronological relation of the metamorphism, the orogeny, 
and the igneous intrusions. 

That cleavage and schistosity are genetically related to the orogeny 
scarcely needs discussion. In general, the cleavage is parallel to the 
axial planes of the folds (p. 533), particularly in the low-grade and 
middle-grade zones. This indicates that the cleavage is contemporaneous 
with the folding. Folded cleavage planes show, however, that, locally, 
folding was later than the development of the cleavage. 

Most of the existing porphyroblasts must have formed subsequent to 
the main folding. Leith has discussed this subject in detail.°° The 
manner in which the staurolite, sillimanite, garnet, and hornblende crystals 
cut indiscriminately across the schistosity and preserve their euhedral 
boundaries shows that they developed after most of the folding and flow- 
age had ceased. This statement does not preclude the possibility, of 
course, that some older porphyroblasts may have formed, suffered rota- 
tion, and been later destroyed. But none of the thin sections from the 
Littleton-Moosilauke area shows rotated porphyroblasts. Although a 
thin section of schist from the adjacent Woodsville quadrangle shows 
rotated staurolite porphyroblasts, 2 to 4 millimeters long, it is excep- 


SC, K. Leith: Structural geology (1923) p. 136-138. 


H 
i 
: 
| 
i 
i 
4 
| 
| 
| 


METAMORPHISM 555 


tional. Some compressive force may have been operative in the area 
during the period of porphyroblastic development, but most of the folding 
had ceased. 

One concludes that, although the recrystallization began during the 
folding, the existing porphyroblasts formed, in large part, after the 
folding. 

The metamorphism must be older than the Ammonoosuc thrust, how- 
ever, for the low-grade and middle-grade zones have been jammed to- 


TaBLe 18 
OROGENY INTRUSIONS METAMORPHISM 
WHITE MOUNTAIN MAGMA LOCAL CONTACT 
SERIES METAMORPHISM 
(GREAT EROSION INTERVAL ) 
RE ME 
AMMONOOSUC THRUST BUT NOT CONFINED TO 
VICINITY OF THRUSTS 
( SCRAG GRANITE 
POND HILL GRANITE 1 & 
w | MOODY LEOGE GRANITE 
| FRENCH POND GRANITE 
Z& | SUGAR HILL QUARTZ 4 3 
| REMICK TONALITE es 
=> | KINSMAN QUARTZ 
MONZONITE 
w= | BETHLEHEM GRANO- 
z DIORITE GNEISS 
4 MOULTON DIORITE J 
@ NORTHEY HILL THRUST 
z 
< 
2 
OLIVERIAN MAGMA SERIES CONTACT METAMORPHISM 


gether by the movements along this fault. The sharp contrast in the 
degree of metamorphism along this fault has already been commented 
upon (p. 528). The Northey Hill fault is older than the final stages in the 
recrystallization of the rocks. Even at the fault plane the staurolite 
crystals are quite undisturbed (p. 531). 

Evidence has been offered on page 537 to show that the Bethlehem 
gneiss and the Kinsman quartz monzonite were injected during the later 
stages of the orogeny. The former, in particular, shows the same linear 
features as the adjacent schists. The French Pond mass and, presum- 
ably, the Remick, Sugar Hill, Moody Ledge, Pond Hill, and Scrag bodies 
were intruded after the main folding, but while the region was still under 
stress. 

Table 18 summarizes in tabular form the chronological relation exist- 
ing between orogeny, igneous intrusions, and metamorphic history. 
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CAUSE OF METAMORPHISM 


It has been shown that there is a progressive increase in the intensity 
of the metamorphism toward the southeast. As the mineralogy of each 
successive zone toward the southeast is farther removed from the mineral- 
ogy of the original sediments, the metamorphism must be due to some 
physical factor or combination of factors, which differ progressively more 
and more from those that existed at the time the sediments were de- 
posited. The possible factors include increase in load (confining pres- 
sure), increase in compressive forces, or increase in temperature owing 
to intrusive masses. There is no reason for believing that load was an 
important factor in causing the zoning of the metamorphic rocks. The 
youngest rock in the stratigraphic column, the Littleton formation, 
shows the most intense metamorphism, yet it must have been under the 
least load. Moreover, to a certain extent, intensity of metamorphism 
should be a function of the depth of a formation in the stratigraphic 
column, but no such relationship is shown. Insofar as pure dynamic 
metamorphism is concerned, there is no increase in the intensity of the 
deformation in the higher zones. But one fact is very clear: northwest 
of the Ammonoosuc thrust, intrusions of the New Hampshire magma 
series are absent, except for a few small bodies of diorite; but toward 
the southeast, large bodies of the Bethlehem gneiss and Kinsman quartz 


(L 245) Dolomitic slate, Fitch formation, low-grade zone, 0.6 mile due south of Slate Ledge School, 
Littleton e. 
3 21) Arenaceous dolomitic limestone, Fitch formation, low-grade zone, Fitch farm 1}4 miles 
Littleton 
3. (L 623) Arenaceous dolomitic limestone, Fitch formation, low-grade zone, 4% mile east of Slate 
Ledge School, Littleton quadrangle. 
my  & M-2) Diopside-actinolite ri lite, Fitch formation, middle-grade sone, stream bed, 1.15 miles 
of the summit of Garnet Hill, Moosilauke quadrangle. 
5. (L Ea Slate, Littleton formation, low-grade zone, from Slate Ledge quarry, Littleton on uote r 


L 491) Schistose soda-rhyolite, Ammonoosuc volcanics, low-grade zone, 0.6 mile 8 
Ledge Littleton quadrangle. 
9C) Soda-rhyolite pebble from the volcanic conglomerate member of the Littleton formation, 
low-grade nen 0.2 mile S 45° W from Slate Ledge quarry ittleton quadrang! 
sich H-56) Soda-rhyolite, Ammonoosuc volcanics, middle-grade sone, 0.4 a" N 45° W of North Lis- 
ben! Se ool, Littleton quadrangle. 
490) Chlorite-epidote schist, Ammonoosuc volcanics, low-grade zone, 200 feet northwest of Slate 
Ledge Littleton quadrangle. 
L 27) Greenstone, top of the volcanic eo mone - the Littleton formation, low-grade zone, 0.2 mile 
S 20° E from Slate Ledge quarry, Littleton quadrang 
11. (L 416) Fine-grained amphibolite, volcanic a of the Littleton formation, middle-grade zone, 
a mile above ~) mouth of the Gale River, Littleton quadrangle. 
588) Owls Head granite, from the cliffs on Owls Head, Moosilauke quadrangle. 
13. (L 495) Bethlehem gneiss, village of Easton, Moosilauke "quadrangle. 
L 519) Bethlehem gneiss, 1.65 miles S 38° E of Swiftwater, Moosilauke quadrangle. 
L eo —— gneiss, 0.2 mile S 45° W of Gilmanton School, Littleton q 
16. uartz monzonite, type, Kinsman Notch, on hi one-half 
mile east a 2 M. 1814, Moosilauke quadrangl e. 
Moa WP ges Kinsman quarts monzonite, porphyritic type, Kinsman Notch, outlet of Beaver Pond, 
oosilauke quadrang: 
18. (L 488 ve ‘tonalite, Pleasant Street, Littleton, elevation of 1250 feet, Littleton quadrangle. 
19. (L 486) Scrag granite, due north of Franconia village, on road at elevation of 1350 feet, Franconia 


quadrangle. 
20. in 362) Common hornblende from eyecare sill, 0.6 mile 8 75° E from Summit of Garnet Hill, 
-_— eo uadrangle. For optical data see page 513. 

Staurolite from Littleton formation, middle-grade zone, a from 0.8 mile due west of Garnet 


Hill, “Moosilauke quadrangle. (Recorded by 8. L. enfield an J.H tt: On the chemical composition o, 
staurolite, and the regular arrang t of its carb . Am. J our. Sci., vol. 47 (1894), p. 81-89. 
For oneal data see e 491. 

22. Garnet from Belknap Mountains area. ag a Modell: The geology and aa of the Belknap 


P+. ~. Area, New Hampshire, doctorate thesis, Harvard University (1933) p. 26 
All of the above analyses are by F. A. Gonyer, with the exception of No. 21. 
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monzonite appear. As intrusions of the New Hampshire magma series 
are common eastward to the Maine border, and as the sedimentary rocks 
almost invariably have been recrystallized to high-grade metamorphic 
rocks, there must be a causal connection between the increase in meta- 
morphism and these intrusives. 

Not only is there a general increase in the intensity of metamorphism 
toward the area where igneous intrusions are most abundant, but there 
is considerable evidence for an increase toward the individual bodies. 
Between Bath and the French Pond granite the metamorphism in the 
Albee formation increases from types transitional between low-grade 
and middle-grade to high-grade. The schists are notably coarser and 
carry sillimanite in a zone about 500 feet wide at the granite contact 
(p. 474). In the immediate vicinity of the Bethlehem gneiss and the 
Owls Head granite, biotite gneiss of the Ammonoosuc volcanics becomes 
a pyroxene-hornblende gneiss (p. 480). 

Such high-grade zones surrounding intrusive masses may be more 
characteristic than Figure 3 suggests (p. 470). Moreover, if the in- 
trusions and the metamorphism are genetically related, there is no reason 
why the high-grade zones should be evenly distributed around the in- 
trusive bodies. Typical contact metamorphic zones vary greatly in 
breadth of outcrop. The contact aureole around the Bushveld complex 
varies from half a mile to 16 miles.* 

The chief réle played by the intrusives is to supply heat to the sedi- 
mentary and volcanic rocks undergoing metamorphism. This heat 
might be carried away from the intrusives by the conductivity of the 
rocks undergoing metamorphism, but it would be a slow process. It 
is inevitable that moving solutions play an important réle. The process 
of lowering the water content of the higher grades of metamorphic rocks 
necessitates the movement of water. Moreover, there is evidence in the 
Littleton-Moosilauke area of the movement of solutions of magmatic 
origin. Tourmaline is found as small grains in many of the metamorphic 
rocks, and is abundant along some shear zones and also near intrusive 
masses. The soda added to the basic igneous rocks during the meta- 
morphism is presumably of magmatic origin. On the whole, however, im- 
portant changes in composition owing to igneous emanations, such as 
Barth has inferred in southeastern New York, have not taken place in 
the Littleton-Moosilauke area, except at the immediate contact with 
intrusives. 

One concludes, as did Barrell ** in western Connecticut, that the higher 


58 A. L. Hall: The Bushveld igneous complex of the Central Transvaal, Memoir 28, Geol. Survey of 
South Africa (1932) p. 390. 

5 Joseph Barrell: Relations of subjacent igneous invasion to regional metamorphism, Am. Jour. Sci., 
vol. 1 (1921) p. 1-19, 174-186, 255-267. 
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grades of regional metamorphism in the Littleton-Moosilauke area are 
related to plutonic bodies. Although addition of heat from intrusive 
masses was the cause of the progressive increase in the intensity of the 
metamorphism toward the southeast, high temperature was not the only 
essential physical condition for recrystallization. Non-uniform stress, 
due to horizontal compression, was an important factor controlling the 
character of the resulting rocks, which are different from those produced 
by heat alone. Although load is essential for regional metamorphism, 
in the Littleton-Moosilauke area it is not the explanation of the different 
zones. 

Although heat and solutions from the igneous intrusions were the 
cause of the increase in metamorphism toward the southeast, it does not 
follow that the intrusions played an important réle in the low-grade type 
of metamorphism. It is true that soda and carbon dioxide, presumably 
from igneous sources, were added to the low-grade rocks in the Littleton- 
Moosilauke area, but the increase in temperature may not have been 
great. The low-grade metamorphism may be largely due to folding alone. 
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PLATE 8. PHOTOMICROGRAPHS OF ALBEE AND AMMONOOSUC 
FORMATIONS 


Ficure 1.—BI0TITe-cHLORITE-SERICITE SCHIST FROM ALBEE FORMATION 


Transition between low-grade and middle-grade zones; 2 miles southwest of Bath, 
west-central ninth of Moosilauke quadrangle. Nicols not crossed, X 20. A progres- 
sive disequilibrium rock, which has porphyroblasts of biotite (black and gray) and 
garnet (grain with high relief, 1.5 cm. to right of center) in schistose groundmass 
of chlorite, sericite, and quartz. 


Ficure 2.—GREENSTONE (GREEN SCHIST) FROM AMMONOOSUC VOLCANICS 


Low-grade zone; 0.4 mile west-northwest of Clough Hill School, northwest ninth 
of Moosilauke quadrangle. Crossed nicols, X 14. Large white and gray areas are 
calcite; rest of rock is chlorite, albite, quartz, and leucoxene. 


Ficure 3—SopsA-RHYOLITE FLOW FROM AMMONOOSUC VOLCANICS 


Low-grade zone; 0.5 mile northwest of Ogontz Lake, south-central ninth of Little- 
ton quadrangle. Crossed nicols, X 14. Phenocrysts of albite-oligoclase and quartz 
(15 cm. above center and showing strain shadows) in a groundmass of quartz, alkali 
feldspar, chlorite, and sericite. 


Ficure 4.—HorNBLENDE-CALCITE-CHLORITE SCHIST FROM AMMONOOSUC VOLCANICS 


Transition between low-grade and middle-grade zones; a mile southwest of Bath, 
west-central ninth of Moosilauke quadrangle. Nicols not crossed, X 20. A progres- 
sive disequilibrium rock, which has porphyroblasts of hornblende (needles and 
lozenge-shaped crystals) in schistose groundmass of calcite, chlorite, albite, and 


quartz. 
Photos by C. R. Williams 
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PLATE 9. PHOTOMICROGRAPHS OF AMMONOOSUC AND FITCH 
FORMATIONS 


Figure 1.—FINe-GRAINED BIOTITE GNEISS FROM AMMONOOSUC VOLCANICS 


Middle-grade zone; near bridge at Swiftwater, west-central ninth of the Moosilauke 
quadrangle. Crossed nicols, X 14. Large crystals of albite-oligoclase in groundmass 
of alkali feldspar, quartz, and biotite; originally a volcanic tuff. 


Figure 2——ARENACEOUS DOLOMITIC LIMESTONE FROM FITCH FORMATION 


Low-grade zone. Fitch farm, 1.7 miles west-northwest of Littleton. Crossed 
nicols, X 20. Round grains of quartz and frayed grain of albite (bottom) in ground- 
mass of calcite and dolomite. For mode, see Table 5; for chemical analysis, see 
Table 19, column 2. 


Figure 3.—QUARTZ-DIOPSIDE-ACTINOLITE GRANULITE FROM FiTcH FORMATION 


Middle-grade zone; Northey Hill, northeast ninth of the Moosilauke quadrangle. 
Nicols crossed, X 32. Elongated white crystal (center) is actinolite; irregular, frac- 
tured, gray crystals with relief are diopside; rest is labradorite, quartz, and calcite. 
For mode, see Table 5; for chemical analysis, see Table 19, column 4. 


Ficure GRANULITE FROM FITCH FORMATION 


Middle-grade zone; from quarry a mile northeast of Sugar Hill, northeast ninth 
of Moosilauke quadrangle. Nicols not crossed, X 16. Large, lozenge-shaped crystal 
in middle is actinolite; dark-gray, diopside; white, andesine and quartz. Originally 


an arenaceous dolomite. 
Photos by 0. R. Williams 
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PLATE 10. PHOTOMICROGRAPHS OF LITTLETON FORMATION AND 
INTRUSIVE AMPHIBOLITE | 


Ficure 1—BovLpER OF SODA-RHYOLITE FROM VOLCANIC CONGLOMERATE 


Littleton formation, low-grade zone; 0.3 mile south-southwest of Slate Ledge, 
south-central ninth of Littleton quadrangle. Crossed nicols, X 20. Phenocrysts of 
albite-oligoclase and spherulites (radiating crystals) in groundmass of quartz and 
alkali feldspar. For mode, see Table 8; for chemical analysis, see Table 19, col- 
umn 7, 


Fiaure 2—GaARNET SCHIST FROM LITTLETON FORMATION 


Middle-grade zone, 1.5 miles east of Lisbon, north-central ninth of Moosilauke 
quadrangle. Nicols not crossed, X 14. Two large porphyroblasts of garnet, sur- 
rounded by rims of chlorite, in schistose groundmass of quartz, muscovite, biotite, 
chlorite (probably retrograde from biotite), and carbonaceous material. Chlorite 
rims around garnet are of retrograde origin. 


Ficure 3—AMPHIBOLITE FROM LITTLETON FORMATION 


Middle-grade zone; Gale River, 0.5 mile south-southeast of Barrett, southeast 
ninth of Littleton quadrangle. Nicols not crossed, X 50. Black areas are magne- 
tite; gray needles, hornblende; white areas, andesine. Originally a basalt flow; pil- 
low structure still preserved. For mode, see Table 8; for chemical analysis, see 
Table 19, column 11. 


Ficure 4.—INTRUSIVE AMPHIBOLITE 


Middle-grade zone; near quarry a mile northeast of Sugar Hill, northeast ninth 
of Moosilauke quadrangle. Nicols not crossed, X 14. Dark material chiefly needles 
of hornblende, but also biotite and titanite, in groundmass of andesine. For chemi- 
cal analysis of hornblende, see Table 19, column 20. 


Photos by C. R. Williams 
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PLATE 11. PHOTOMICROGRAPHS OF PLUTONIC ROCKS AND MYLONITE 


Ficure 1—BrTHLEHEM GNEISS 


From a point a mile northeast of Streeter Pond, Littleton quadrangle. Nicols 
not crossed, X 14. Dark areas, biotite; light, quartz, microcline, and oligoclase. 
Shows gneissic structure and biotite as aggregates of many small flakes. 


Ficure 2—BrtTHLEHEM GNEISS 
Under crossed nicols. Shows granoblastic texture, with cataclastic tendencies. 


Ficure 3—QUARTZ MONZONITE PHASE OF HIGHLANDCROFT GRANODIORITE 


Slightly mylonitized; 0.5 mile east of summit of Walker Mountain, southeast ninth 
of Littleton quadrangle. Crossed nicols, X 14. Albite-oligoclase (polysynthetically 
twinned), microcline (cross-hatched), quartz (with strain shadows), and orthoclase, 
with some granulation, in upper part of picture. For mode, see Table 15. 


Figure 4.—MYLOoNITE SCHIST DERIVED FROM QUARTZ MONZONITE PHASE OF THE 
HIGHLANDCROFT GRANODIORITE 


Ammonoosuc thrust, 0.5 mile east of summit of Walker Mountain, southeast ninth 
of Littleton quadrangle. Crossed nicols, X 14. Spotted light areas (sericite); large 
dark area in center and some smaller dark areas (chlorite); rest of rock (quartz). 
For mode, see Table 15. 


Photos by C. R. Williams 


| 
im 
| 
{ 
| 
{ 
| 
i 
: 
j 


4 
4 
; 
5 
‘ 
: 
4 
‘ 
2 
j 
q 


Zz 
i) 
= 
< 
A 
< 
= 
= 


Z 
< 
Zz 
< 
Z 
= 
= 
is) 
> 


aM., VOL. 48 


STATE OF NEW HAMPSHIRE, 


FREDERIC E 


EULL. GEOL, SOc. 


2 NEW HAMPSHIRE 
(GRAFTON COUNTY) 
MOOSILAUKE QUADRANGLE | 


LEGEND 


SEDIMENTARY. IGNEOUS AND 
METAMORPHIC ROCKS 


White Mountain 


omen 


( Fine-grained to gray ite, com: 
posed of oligoclase leper, 
tingsite, on 


Magma Series? 


avenite 
(Coarse to medium-grained grant 
potash feldspar and quar fivomoll emonnts 
oligoctase, bi ; very low in 


Pond Hill granite 


Moody Ledge granite 
( Medium pink granite, composed 
quartz, oligociase, a: 
in minerals; by country 
intricately injected by dikes and sills of 
aplite and granite (Qami and Dii? 


( Heterogeneous body of grepite, with following em 


logy a ite; ined ray ined 
a as coarse ‘ant tum-gratn: 
potash feldspar, albite, quartz, 


8 


Post-folding, but sequence not well established 


Sugar Hill quartz monzonite 


( Medium-grained, pink, and locally gneiasic rock = 
of oligoch lase, potash Seldepar, 


A 


Remick tonalite 
ained gray tonalite 


New Hampshire Magma 


Kinsman monzonite 


(Medium to coarse gray quartz monzonite, 
of quartz, oligoclase-andesine, potash ‘Pldaper. 
biotite, and muscovite; locally there are pheno- 
erysts of potash feldspar Srom one to two inches 
long; locally the rock shows foliation) 


bg 


YOUNGER THAN LOWER DEVONIAN, EITHER LATE DEVONIAN OR LATE CARBONIFEROUS 


Bethlehem granodiorite gneiss 
(Medium to fine-grained gray gr yon ty 
of quartz, oligoclase-andesine, potash 
biotite, and a little muscovite; usually foltated and 
strongly granulated ) 


Areas where basic dikes and sills 
are abund ant 
of hibol 
sills are not abundant enough in zone e to be repre- 
sented by a special symbol, they do occur and here 
consist albite-oligoclase, ankerite, chlorite, and 
serici 


(Zone 


Franconia) 
Contemporaneous with folding 


Moulton diorite 
(Medium-grained dark gray diorite, consisting mainl, 
of secondary minerals such as oligoclase, hornb ie, 
epidote, chlorite, and carbonate) 


= ‘ 
3 Owg 
8 Owls Head granite 
pe = Nd (Medium-grained pink granite composed of quarte 
microperthite, andesine-oligoclase, one | iotite; foli- 

= ated near borders and locally elsewhere) 


Areas where soda-rhyolite dikes and sills 
are abundant 
( Proba' le 


Littleton 
e: slate and sandetone, gin chlorite (Dic), 
one 


LOWER DEVONIAN 


schist, rtz-mica garnet ‘schist, ont 

ataurolite schist, with cmphiboliee (Dia), soda- -rhyo- 

lite voleantc (Dive), and soda-rhyolite 
nd breccia (Dir). Zone k: mica schist, quartz- 


a 
pm garnet schist, staurolite- villimanite 
schist, and ‘sillimanite schist, with in 
phibolite and mica (Oia), 7 
formation is in, and fine- 
anite with the oh 
OW) 


Fitch formation 
limestone, sprite, slaty dolomite, calcareous 
mestone, calcareous sandstone, 
tz con glomorate, and gray slate. Zone 
pes "ble. dio; peide- -actinolite gr anulttg, gctinols 


PRE-SILURIAN, PROBABLY UPPER ORDOVICIAN 


(Shown on 


BILLINGS, PL. 12 


UNCONFORMITY 


Partrides formation 


{ Zone slate, with te, 
pod are ite, slate, 


terial at base 
a > mica schist 


( Zone e: soda-rhyolite breceia, and veicanic con- 
glomerate 


, chlorite By chlorite-spidote achiat, 
slate and impure quartzite. Zone me: fine-grained 


mica schist, and micaceous quartzite. ally the 
Ammonoosue volcanics are injected aplt 
and fine-grained granite 

Ledge granite (Oami } 


BED ROCK NOT EXPOSED 


Glacial drift and alluvium 
thick and extensé 
attempt haw been om this may. to show the 
ternary d 


METAMORPHIC ZON ES 
Grubenmann-Niggli classification; 
shown below tion 
symbol thus: 
e-epizone 
(low grade) 
m-mesozone 
(middle grade} 


k-katazone 
(high grade) 


CONTACTS 


Accurate 


Approximate and diagrummatic 
due to poor exposures 


is lacking 


SPECIAL SYMBOLS 


% 


Strike and dip of bedding, including 
inverted and normal strata 


Strike of vertical beds 
763 


Strike and Uip of foliation 
and schistosity 


Strike of vertical foliation 
and schistosity 


® 
Horizontal foliation 
and schistosity 


> 


Overthrust side of thrust faults 


Silicified fault zone 


Mines, prospects, and quarries 
mostly abandoned 


a) 


BULL. GEOL. SOC. AM., VOL. 48 


ai Be. 
\ 
f j 


Vi 


Pid 
| 
t 


Sutter Sch. 


d 
x BY > ly 


= 
Sth 5 prof \ 
/ 
/ 
Whites / 
Linnacle 
Pond » 4 | 
Ledge 
‘i < 
- 
fond C 
} 
Mtn / 
t if /\ Black (Mtn 
44, 
/ 
~ 
-Knights 
Hit 
| 
hey 
firs ¥ 


80% 


+ 


Howe Hill 


‘ Lisbon 


583) 


4 
| Lake 
\ 
4 


Scotland. Sch 


A? 


Ireland 


A, 


} : 

J “th 
| 

} 


“= Jericho 


6? 
4 


; 
j 
694 
3 
y 4. 
=. ~ 
> 
\ 
f \ vi 


Mt Clough’ 


= 
FREDERIC E. EVERI COMM ANI ENGINEER 
Littleton, 5 A 
1 Se/ / 
4 
: Af / 
/ 
Re \ ~ 
: 
\ 
7 
~~ 
A 4 \ + 
H “| st 
3 T | ad 


BILLINGS. PL. 12 


at 
LEGEND 
SEDIMENTARY. IGNEOUS ANI 
METAMORPHIC ROCK: 
1g 
! 
Oam 
Dart 
METAMORPH ZONES 
Grubenmann-Niggli classification 
shown below formation 
nbol thu 
shqm 
1283 
School Zt. 7. 
/ 
8M ¢i280 
1236 yf 
‘ 
fs / 
i 7 / 
j | 
} / 
+190 / 
; 
/ 
BM * 
; 
at 
/ | 
| 
~ 
~ ge, 
/ Sed | 
£25. = 


7500 
st 2s pk ia 


Pa 


4530 / 


i 
7 
1 
¢ 
at 
pive 
+ 
{ 
cf 
f Sia 


is 


ARDS 


Garnet Hill 


Ty 


SECTION A-A’ 


Ammonoosuc River 
9 


Sf bg SF Sc Cam Se am Oal 


SECTION C-C’ 


7) Owls Head 


SECTION F-F' 
: GEOLOGIC MAP AND STRUCTURE SECTIONS OF THE M 


Topographic base by U. S. Geological ox Scale 63806 
Survey, surveyed in cooperation with 1 
the State of New Hampshire. H 
Contour interval 20 fee 
Datum is mean sea level 


1090000 55 (Rumney) 50 
A sF 
— Sf DI Oam 
B c 
SECTION B-B 
Cc 
£ 
4 $ 
3 bg { is 
A / 
1935 


Silicified fauit zone 


Moulton diorite 


(Medium-grained dark gray diorite, consisting mai = 
epidote, chlorite, and carbonate Mines, prospects, and quarries " 

mostly abandoned 
owg 


Owls Head granite 


microperthite, andesine-o an iotite; ; 
ated near borders and loca 


Pre-folding 


Areas where soda dikes and sills 

are abundant 

(Probably wih. the volcanic activity 
during the deposition 1 of | the Littleton formation) 


Littleton formation 

(Zone e: slate and sandstone, with chlorite schiat (Dic), 
and soda-rhyolite tuff and breccia (Dir). Zone m: 
mica schist, rtz-mica schist, garnet schist, and age 
sataurolite schist, with amphibolite (Dia), soda-rhyo- 
lite voleanic conglomerate (Dive), and soda- rhyolite 
tuff and breccia (Dir). Zone k: mica schist, quartz- | 
mica-echist, garnet schist, staurolite- sillimanite 
schist, and stllimanite schist, with interbedded am- 
phibolite and mica schist ( Dia), Locally the Tittle 

grained te associated 

Dl) 


LOWER DEVONIAN 


Fitch formation 
(Zone e: limestone, marble, slaty dolomite, calcareous 
siate, arenaceous limestone, calcareous 3a’ 
arkose, lomerate, and gray slate. Zone 
m: ma -actinolite granulite, actinolite 
tte-biotite schist, biotite-calcite schist, 
marble, quartzite, arkoee, mica schist; 
Northey they Hill ¢ quartzite member ( (Stn 


Middle 


SILURIAN 


Clough conglomerate 


(Quartz conglomerate and quartzite; more coarsely 
crystalline in zone m than in zone e) 


WILLIAMS @ INTZ CO.. WASH 


of 


North Ri 
Mt. Moosilauke 


Long Pond 


Kinsman Notch 


SECTION E-E’ 


Cole Hil 


Easton 


| 


Whites Pinnacle 


ee +++ 400 
Ltt ete + 


SECTION D-D’ 


West Ridge of 
Black Mtn 


G Oam ong G’ 


SECTION G-G’ 
THE MOOSILAUKE QUADRANGLE, NEW HAMPSHIRE 


> Geology by Marland Billings, assisted by 
2 3 « Miles : Jarvis B. Hadley, William F. Jenks, Charles = 
B. Moke, and Allen Waldo. Geology sur- 
veyed in 1931, 1932, 1933, and 1934 under 
the auspices of the Division of Geological 
Sciences, Harvard University, with the aid of 
grants from the Shaler and Milton Funds. 


| 
B : 
kqm 
Sf Se dam 
TION B-B’ 
D 
1935 


| 


80° 


Biack 


par 


bs 


BAL) 


4 


\ 
\ 
ath Mt Blu 
\ 
ry 
4 
MT stop House 
ar’ 
k 


4560 South Fock \ 


STATE SANITARIUM 


4 
243 
YAR 
Fe 
\ 
4 
C 
Y 
J F 


Ul 


/ 


SECTION F-F' 


‘ GEOLOGIC MAP AND STRUCTURE SECTIONS OF THE M¢ 


Scale 62566 


2 oO 2 
2000 5000 10000 
i 
1 2 oO 1 2 3 


Contour interval 20 feet 
Datum ts mean sea level 


1935 


E 
SECTION A-A 
B 
OF (st Sf pi, 
SECTION B-B’ 
SECTION: C-C + 


WwW oo Ds 


Moulton diorite 
Medium-grained dark gray diorite, consisting mainly 
of secondary minerals such as oligoclase, hornblende 
epidote, chlorite, and carbonate 
= > 
Owg 
= > Owls Head granit 
= per h te f 
= 
Are where soda-r} te di 2 Ss 
re al ant 
y tem} 
he dey 
<x 
z 
= Li n formatio 
Zone 
1 
A 
a m 
pi 
~ 
e 
«I 
joa 


= | 


Silicified fault zone 


Mines, prospects, and quarries 


mostly abandoned 


‘HE MOOSILAUKE QUADRANGLE, NEW 


32500 
2 3 + Miles 
10000 15000 20000 Feet 


3 * 5 Kilometers 


‘rval 20 feet 


an sea level 


935 


SECTION G-G’ 


HAMPSHIRE 


f Marland lir ssisted by 
B dley, William F Charles 
len Waldo. gy su 
ed 131, 1932, 1933, 934 under 
t J f the Division of Geological 


iences, Harvard 


grants from the S 


University, with the aid of 
haler and Milton Funds. 


x ~ Quartz conglomerate que 
\ 
\ 
> f 
4 GE | 
E' 
EC THON 
B 
| 
TION B-B’ 
D b¢ 

SECTION D-D’ 
t 
: 


